Disease resistance in the Senecio vulgaris L./ Erysiphe fischeri Blumer wild plant pathosystem by Bevan, Josette R
 
 
 
 
 
 
 
https://theses.gla.ac.uk/ 
 
 
 
 
Theses Digitisation: 
https://www.gla.ac.uk/myglasgow/research/enlighten/theses/digitisation/ 
This is a digitised version of the original print thesis. 
 
 
 
 
 
 
 
 
Copyright and moral rights for this work are retained by the author 
 
A copy can be downloaded for personal non-commercial research or study, 
without prior permission or charge 
 
This work cannot be reproduced or quoted extensively from without first 
obtaining permission in writing from the author 
 
The content must not be changed in any way or sold commercially in any 
format or medium without the formal permission of the author 
 
When referring to this work, full bibliographic details including the author, 
title, awarding institution and date of the thesis must be given 
 
 
 
 
 
 
 
 
 
 
 
 
 
Enlighten: Theses 
https://theses.gla.ac.uk/ 
research-enlighten@glasgow.ac.uk 
DISEASE RESISTANCE IN THE 
SENECIO VULGARIS L./ ERYSIPHE FISCHERI BLUMER 
WILD PLANT PATHOSYSTEM.
by
JOSETTE R. BEVAN
A thesis presented for the degree of 
Doctor of Philosophy
To the 
University of Glasgow.
Department of Botany, 
University of Glasgow.
and
in collaboration with 
National Vegetable Research Station, 
Wellesbourne,
Warwick.
July 1986.
ProQuest Number: 10948111
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a com p le te  manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest
ProQuest 10948111
Published by ProQuest LLC(2018). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States C ode
Microform Edition © ProQuest LLC.
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106- 1346
To
Mum and Dad 
and 
Jonathan
ACKNOWLEDGEMENTS.
Firstly, I am very grateful to Dr. Don Clarke and Dr. Ian Crute for 
their continual advice, guidance and encouragement throughout this 
work. I would also like to thank Prof. Wilkins and Prof. Hillman for 
the use of facilities at the Universisty of Glasgow. Likewise, I am 
grateful to Dr R. Burchill and Prof. Bleasdale for the use of 
facilities at N.V.R.S.
I would like to thank Kath Phelps for her continual help in the 
preparation of the statistical analysis, and Mr. Colin Edwards of the 
A.F.R.C.C.C. for the preparation of a Data Trieve program used for the 
compilation of results in chapter 9. I also thank Dr Andrew 
Sutherland for his help in constructing the gene model. Many thanks 
to Pamela Gordon for her assistance with the collection of seed 
samples.
I am exceedingly grateful to the statistics department at 
N.V.R.S., especially Geoff Morris for the loan of their thesis 
production facilities.
I wish to thank the staff of both the N.V.R.S. and Glasgow University 
for making my stay at both institutes so enjoyable, especially my 
laboratory compatriots Alison Gould, Lise and John Hooker. Also, I 
wish to thank Judith Norwood for her friendship and help throughout my 
stay at N.V.R.S.
Lastly, I would like to thank the S.E.R.C. and the Vegetable 
Research Trust for the funding of this work.
CONTENTS
Page No.
LIST OF TABLES II.
LIST OF FIGURES V.
LIST OF PLATES VIII.
LIST OF APPENDICES IX.
SUMMARY 1.
CHAPTER 1: GENERAL INTRODUCTION. 3.
CHAPTER 2: GENERAL MATERIALS AND METHODS. 17.
CHAPTER 3: EFFECTS OF ENVIRONMENTAL FACTORS 30.
ON SUSCEPTIBILITY.
CHAPTER 4: CHARACTERIZATION OF MILDEW ISOLATES. 68.
CHAPTER 5: MONITORING THE MILDEW POPULATION AT N.V.R.S. 89.
CHAPTER 6: EVIDENCE FOR PARTIAL RESISTANCE TO 103.
ERYSIPHE FISCHERI IN GROUNDSEL.
CHAPTER 7: RESISTANCE IN THE N.V.R.S. AND GLASGOW 135.
GROUNDSEL POPULATIONS.
CHAPTER 8: A STUDY OF THE FREQUENCY OF MILDEW, RUST 192.
AND APHID INFECTIONS IN A NATURAL 
POPULATION OF GROUNDSEL.
CHAPTER 9: THE GERMINATION AND DEVELOPMENT OF 218.
ERYSIPHE FISCHERI SPORELINGS.
CHAPTER 10: GENERAL CONCLUSIONS AND FURTHER STUDIES 241.
APPENDICES 248.
REFERENCES 289.
I
Table 2.1
Table 2.2
Table 3.1 
Table 3.2
Tob\e S.'S
Table 3.4
Table 3.5 
Table 3.6 
Table 3.7
Table 3.8
Table 3.9
Table 3.1
Table 3.1 
Table 3.1
Table 4.1
Table 4.2
Table 4.3 
Table 4.4
Table 4.5
Table 4.6
Table 4.7
LIST OF TABLES.
: Mean % susceptible leaf segments colonized with 22.
mildew.
: The origin of the inbred groundsel lines 27.
collected by Harry.
: Plant age and susceptibility (Experiment 1.). 44.
: Analysis of variance for plant lines and 44.
plant age.
1 rAe.-a.n scores fio r <xc^ es arvci L oes  conW m bi'orvS 4. S*
: Mean infection score for each plant line with 51.
each isolate at each incubation temperature, 
plant age and leaf age.
: Analysis of variance for Experiment 2. 53.
: The effects of plant age on infection score. 55.
: Summary of age of plant and its effect on 55.
resistance.
: Effect of temperature and age of plant on mean 57.
infection score.
: Effects of plant age and temperature on mean 57.
infection score.
0: Effect of temperature on mean infection score 58.
of each plant line.
1: The effect of temperature on isolate performance. 58.
2: Effect of leaf age and plant age on 63.
susceptibility.
: Compatability of each groundsel line with each 75.
isolate.
: The phenotypes of the unique isolates and plant 76.
lines.
: Resistance factors assigned to each plant line. 78.
: Reactions remaining when resistance to genes 79.
1 to 7 accounted for.
: Reactions remaining after resistance to genes 80.
1 to 9 accounted for.
: Simplified version of Table 4.5 to show that 5 80.
genes are required to explain the remaining 
resistant reactions.
: 14 gene model. 81.
ii
Table 5.1 
Table 5.2
Table 6.1 
Table 6.2 
Table 6.3 
Table 6.4 
Table 6.5
Table 6.6 
Table 6.7 
Table 7.1 
Table 7.2 
Table 7.3 
Table 7.4 
Table 7.5 
Table 7.6
Table 7.7 
Table 7.8 
Table 7.9
LIST OF TABLES, CONTINUED. Page.
Mean % leaf area colonized on incubated detached 93. 
leaves from 'trap1 cultivars.
Page.
The mean infection scores produced by the mildew 100. 
populations fran groundsel lines 7d, 8a, 8g, 
and 9a on the 50 inbred groundsel lines.
Analysis of variance for the 5 Glasgow isolates 114. 
on all 10 plant lines.
Analysis of variance using the 5 Glasgow lines 115. 
but emitting lines 6b, 7b and 9a.
Mean score for plant lines 4h, 7d, 8a, 8g, 9c, 115.
9g and 11i with isolates G8, G9, G10, G11, G12.
Analysis of variance of the 20 plant lines with 116. 
the 5 N.V.R.S. isolates.
Mean infection scores of 20 plant lines with 11$.
N.V.R.S. isolates omitting completely resistant 
lines 7b and 7d.
Analysis of variance for plant lines 4h, 7d, 8a, 11$.
8g, 9c, 9g and 11i with all 10 isolates.
Mean infection score for lines 4h, 7d, 8a, 8g, 11^.
9c, 9g, and 11i with each of the 10 isolates.
Number of plants in each sampling area with each 153.
resistance phenotype.
Variation between years, including resistance 168.
to isolate G9.
Variation between years, excluding resistance 168.
to isolate G9.
N.V.R.S. and Glasgow populations tested with 170.
each set of.isolates.
N.V.R.S. v Glasgow plants, resistance to G9 171.
omitted.
Resistance in the N.V.R.S. and Glasgow plants 172.
to all isolates combined, but excluding 
isolate G9.
Resistance phenotypes detected in the Glasgow 173.
population using 10 isolates.
Resistance phenotypes detected in the N.V.R.S. 173.
population using 10 isolates.
Resistance phenotypes detected in Glasgow 175.
groundsel population using 5 Glasgow isolates.
h i
Table 7.1
Table 7.1
Table 7.1
Table 8.1 
Table 8.2 
Table 8.3
Table 8.4 
Table 8.5
Table 8.6 
Table 8.7
Table 8.8
Table 8.9
Table 9.1 
Table 9.2 
Table 9.3 
Table 9.4
LIST. OF TABLES, , CONTINUED. Page.
0: Resistance phenotypes detected in the N.V.R.S. 175.
groundsel population using the 5 Glasgow isolates.
1: % of resistant plants detected of different 178.
Glycine spp.
2: Number of groundsel in each population resistant 179.
to each, mildew isolate.
: Mean frequency of groundsel per plot. 200.
: Mean % plants with mildew infection. 200.
: Mean % plants at each stage of development 200.
with mildew infection:
: Mean % plants with rust infection. 205.
: Mean % plants at each stage of development 205.
infected with rust.
: The numbers of plants with mildews and rust. 204.
: Mean % plants at each stage of development 205.
infected with rust.
Mean % frequency at each stage of development 211.
with aphids.
: The mean rainfall, maximum temperature and 211.
minimum.temperature per day, for the period 
before and including each sampling date.
: Number of conidia germinating on agar in 227.
comparison to each plant line.
: The total number of spores producing 1, 2, 3 232.
and 4 or more germ tubes.
: Chi squared values for comparisons of numbers 233,
of germ tubes.
: Chi squared values for comparisons of numbers 234.
of appressoria.
IV
LIST OF FIGURES.
Figure 2.1: Origin of the inbred groundsel lines.
Figure 3.1: Isolate G8- Variability of infection type.
Figure 3.2: Isolate G9- Variability of infection type.
Figure 3.3: Isolate G10- Variability of infection type.
Figure 3.4: Isolate G11- Variability of infection type.
Figure 3.5: Isolate G12- Variability of infection type.
Figure 3.6: Nodes from which leaves were taken for
Experiment 2.
Figure 3.7: A block of six Petri dishes for Experiment 2.
Figure 3.8: The effects of temperature and age of plant on
mean infection score.
Figure 3.9: The effect of temperature on mean infection
of each plant line.
Figure 3.1G: The effects of temperature on the growth of 
each isolate.
Figure 4.1: Histogram of the % of reactions of each
infection type lying between each 0.2 limit 
produced by the 24 lines on 50 inbred 
groundsel lines.
Figure 5.1: Mean infection scores produced by each mildew
population on each plant line.
Figure 5.2: Mean infection scores produced by each mildew
population on each plant line.
Figure 6.1: Histograms showing typical race non-specific
and race specific patterns.
Figure 6.2: Plant lines showing constant ranking but may
have a significant plant line x isolate 
interaction.
Figure 6.3: Paired comparisons of plant line
susceptibilities.
Figure 6.4: Histograms of mean infection scores for each
plant line tested with each isolate.
Figure 6.5: Histograms continued.
Figure 6.6: Histograms continued.
Figure 6.7: Histograms continued.
Figure 6.8: Histograms continued.
V
Page.
26.
32.
33.
34.
35. 
'36.
48.
49.
59.
60. 
61. 
74.
97.
98. 
107. 
109.
111.
120.
121.
122.
123.
124,..
LIST OF FIGURES, CONTINUED.
Page.
Figure 6.9: Susceptibility of each plant line to each 
isolate plotted against the susceptibility 
of each of the other plant lines.
127.
Figure 6.10: Paired plant line comparisons continued. 128.
Figure 6.11: Paired plant line comparisons continued. 129.
Figure 6.12: Paired plant line comparisons continued. 130.
Figure 7.1: Leaf morphology types. 144.
Fig 7.2-7.9: Key. 157.
Figure 7.2: Groundsel.sampling points Area GL1 1983. 158.
Figure 7.3: Groundsel sampling points Area GL2 1983. 159.
Figure 7.4: Groundsel sampling points Area GL3 1983. 160.
Figure 7.5: Groundsel sampling points Area N1 1983. 163.
Figure 7.6: Groundsel sampling points Area N2 1983. 164.
Figure 7.7: Groundsel sampling points Area N2 1984. 165.
Figure 7.8: Groundsel sampling points Area N3 1983. . 166.
Figure 7.9: Groundsel sampling points Area N3 1984. 167.
Figure 7.10 % of reactions of each mean infection score 
for the N.V.R.S. plants with each set 
of isolates.
184.
Figure 7.11: % of reactions of each mean infection score 
for the Glasgow plants with each set 
of isolates.
185.
Figure 8.1: Mean frequency of groundsel per quadrant on 
each plot against time.
201.
Figure 8.2: Mean % frequency of groundsel plants with 
mildew.
202.
Figure 8.3: Mean % of groundsel plants at each stage of 
development with mildew infection.
203.
Figure 8.4: Mean % plants with rust infection. 206.
Figure 8.5: Mean % plants with rust infection at each 
stage of development.
207.
Figure 8.6: Mean % groundsel plants with aphid infection. 208.
Figure 8.7: Mean % frequency of plants with aphids at 
each stage of development.
VI
209.
Figure 8. 
Figure 8.
Figure 9. 
Figure 9.
Figure.9.
Figure 9.
LIST OF FIGURES, CONTINUED.
: Mean rainfall over observation period.
: Maximum and minimum temperature during each
two week period.
: Inoculation tower.
: Number of sporelings reaching each stage of
development- 24h incubation.
: Number of sporelings reaching each stage of
development- 48h incubation.
: Number of sporelings reaching each stage of
devlopment- 74h incubation.
Page.
212.
213.
223.
228.
229.
230.
VII
LIST OF PLATES.
Page.
Plate 1: Mildew free cabinets at N.V.R.S. 19.
Plate 2: Incubation room at N.V.R.S. 19.
Plate 3: Isolation plant propagator. 24.
Plate 4: Mildew infection types. 24.
Plate 5: Healthy and heavily mildew infected plants 190.
at maturity.
VIII
LIST OF APPENDICES.
Page.
Appendix Table 4.1: Mean infection score of each Glasgow 248.
isolate on 50. inbred groundsel lines.
Appendix Table 4.2: Mean infection score of each N.V.R.S. 249.
isolate on 50 inbred groundsel lines.
Appendix Table 5.1: Mean infection scores produced by 250.
mildew populations obtained from trap 
groundsel lines tested on 10 lines.
Appendix Table 6.1: Mean, infection scores for each plant 252.
line with each of the mildew isolates.
Appendix Table 6.2: Mean infection score of each plant 253.
line with each N.V.R.S. isolate.
Appendix Table 6.3: Ranking order of susceptibility of 254.
each plant line with each isolate.
Appendix Table 6.4: Spearman's ranking correlation 255.
coefficients for each plant line with 
each other plant line.
Appendix Table 7.1a: Morphological characters of plants 256.
grown in the glasshouse at Glasgow.
Appendix Table 7.1b: Analysis of variance for plant height 257.
and number of nodes for the plants 
grown in the glasshouse in Glasgow.
Appendix Table 7.1c: Morphological character of the progeny 258.
families grown in the cabinets at 
N.V.R.S.
Appendix Table 7.1d: Analysis of variance for plant height 259.
and number of nodes for the progenies 
grown in the cabinets at N.V.R.S.
Appendix Table 7.2: Mean infection scores of progeny 260.
family 3.
Appendix Table 7.3: Mean infection scores and standard 261.
deviations of control tests.
Appendix Table 7.4: Mean infection scores obtained for 271.
the Glasgow plants.
Appendix Table 7.5: Mean infection scores obtained for 279.
the N.V.R.S. plants.
Appendix Table 8.1: Maximum, minimum temperatures and 286.
rainfall.
IX
Summary.
An investigation was made of the frequency and distribution of race 
specific resistance in two populations of groundsel (Senecio vulgaris) 
to the powdery mildew fungus Erysiphe fischeri. Ten differerit powdery 
mildew isolates were tested on a sample of 98 plants from Glasgow and 
151 from the National Vegetable Research Station (N.V.R.S.), 
Wellesboume. Five of the isolates were collected at Glasgow and 5 
from N.V.R.S. Additional plants were assessed using only 5 isolates 
from Glasgow. In total, 247 plants from Glasgow and 266 from N.V.R.S. 
were assessed. Plants were tested with several isolates at a time by 
using detached leaves on benzimidazole supplemented agar.
Generally the frequency of plants detected with race specific 
resistance to each isolate v/as low, ranging from 1% to 10%. However, 
the frequency of resistant plants in the N.V.R.S. population to one 
isolate from Glasgow, G9, was relatively high, at 35%. The majority * 
of these plants originated from a small, intensively sampled plot of 
17 m by 17 m. The frequency of resistance to the remaining 9 isolates 
v/as low and of a similar order in both groundsel populations.
However, the tendency for more plants to have resistance at N.V.R.S. 
was significant.
Ten different resistance phenotypes were detected in groundsel 
plants from Glasgow, and 24 from N.V.R.S., 9 of which were common to 
both populations and included the phenotype susceptible to all 
isolates. This indicates that patterns of race specific resistance 
were essentially similar in each population, but there was greater 
variation at N.V.R.S. Partial resistance was more common at N.V.R.S. 
and natural frequencies of mildew infection were lower at N.V.R.S., 
possibly, the defence strategy was more effective here than at 
Glasgow.
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The groundsel population was highly heterogeneous, 10 resistance 
phenotypes were detected, using 5 mildew isolates, in 75 plants from a 
1 m by 1 m plot. This heterogeneity was reflected in the mildew 
population. Of 24 isolates characterized on 50 inbred groundsel 
lines, 18 were found to be rey& A minimum of 14 avirulence genes 
could explain the observed reactions of the 18 races. The races were 
complex, having several virulence genes and usually only one 
avirulence gene, but races with up to 5 avirulence genes were also 
detected.
Studies of partial resistance began to reveal the complexity of 
the defence strategy deployed by groundsel. Partial resistance was 
very common in groundsel and could be race specific in some instances 
whilst non race-specific in others. Seme individuals possessed both 
complete and partial resistance. Perhaps crop plant breeding programmes 
should aim to include both forms of resistance within a cultivar.
Plant age had a significant effect on all forms of resistance. 
Incubation temperatures could alter the susceptibility of some plant 
lines to sane isolates. The effects of plant age and temperature 
could be considered race specific in nature, since sane plant lines 
switched from susceptible to resistant under one set of conditions to 
a particular isolate, whilst under another set of conditions, and with 
another isolate, resistance switched to susceptibility.
An investigation of sporeling development, revealed that Erysiphe 
fischeri conidia commonly form several germ tubes on susceptible host 
tissue. Each germ tube has the potential to form an appressorium and 
initiate infection. Resistance was expressed at the haustorial and 
secondary hyphal stages of development.
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1.0. GENERAL INTRODUCTION.
A substantial proportion of the worlds food supply is lost each year 
as a result of crop disease caused by pathogens. The economic cost of 
such losses is difficult to assess, but when a nations food supply is 
severly affected the result is famine and starvation. An epidemic of 
Helminthosporium oryzae (Cochliobolus miyabeanus) in rice in 1942 
resulted in the starvation of around 2 million people in Bengal the 
following year (Padmanabhan, 1973).
Resistance provides a promising form of crop protection, being 
more economical and environmentally acceptable than chemical control. 
At the turn of the century Biffen (1905) produced his classic paper 
showing that the resistance of wheat to yellow rust (Puccinia 
striiforrnis) was controlled by Mendelian genes. There were great 
hopes that the exploitation of this natural form of crop protection 
would be lasting and effective. Early workers did not believe that 
pathogens, notably the rusts, could adapt quickly enough to overcane 
the resistance of their new cultivars (Biffen, 1912 , Stakman et al, 
1918). Unfortunately, they were to be proved wrong. This form of 
resistance which tended to be inherited by a single dominant gene of 
large effect, often only provided temporary protection. It appears 
that as a consequence of its comparative genetic simplicity, this form 
of resistance may be readily overcome by relatively small evolutionary 
steps in the pathogen (Fraser, 1985). As cultivars with resistance 
gained popularity and were extensively used, selection for virulent 
forms or races of the pathogen capable of colonizing these cultivars 
was great, leading to what is canmonly known as the 'boom-and- 
bust-cycle'. Borlaug (1965) estimated that the average rust resistant 
cultivar of wheat lasted about four years in Mexico.
In many cases, genes for resistance have either been isolated 
directly from the wild relatives of crops or from existing crop 
varieties which presumably originated from the wild at sane point in 
their ancestry. Yet there is little understanding of role of disease 
in the ecology of wild plant populations (Burdon, 1982a , Harlan, 
1976), let alone the importance and function of disease resistance 
within a natural pathosystem. It is hardly suprising that disease 
resistance has often proved to be a disappointment as a control 
measure when so little is known about its function in the natural 
situation. The bulk of our knowledge originates fran studies of 
various forms of resistance in crops in a man-made environment. The 
use of cultivar mixtures and multilines has sparked an interest in the 
study of the role of disease resistance in wild populations. It has 
been postulated that mixtures and multilines will provide a more 
durable form of resistance because they may resemble more closely the 
strategy employed by wild host populations (Burdon, 1978 , Browning, 
1974). Yet we can only postulate as to the nature of the wild defence 
strategy frcm our knowledge of the artificial crop situation 
(Robinson, 1982 b). The present study of the Senecio vulgaris/ Erysiphe 
fischeri plant pathosystem was undertaken in the hope that it would 
provide information that can be utilized in the breeding and 
management of crop systems.
1.1. Effects of pathogens on wild plant communities.
Pathogens by definition are generally assumed to cause some extent of 
damage to their hosts. Pathogens of crop plants tend to reduce 
marketable yield which has stimulated the study of the effects of 
various pathogens on factors such as plant growth and population size. 
Equivalent studies on the effects of pathogens on wild populations have 
rarely been studied and their importance as a factor in selection has
often tended to be overlooked (Harper, 1977).
Observations of wild host plant populations indicate that the 
host population tends to suffer relatively little damage as a result 
of colonization by pathogens (Harper, 1977 , Segal et al, 1980 ,
Dinoor and Eshed, 1984,, Burdon, 1982o). This suggests that efficient 
disease defence strategies have evolved in these pathosysterns. 
Hypotheses on the mechanisms by which damage limitation is brought 
about are numerous but they have rarely been tested in practise.
The diversity of natural populations, both inter and intra 
specifically is postulated to reduce epidemic spread and is one of the 
reasons why it is hoped that resistance may be more effectively 
utilized by developing cultivar mixtures and multi-lines (Burdon, 
1978).
It is not always the case that wild populations are left 
unscathed by epidemics. Kranz (1968a) found that the severity and 
progress of an epidemic in natural populations depends on the 
particular host and parasite associations concerned. Kranz (1968b) 
made a study of 59 different fungal parasite-host pairs. Disease 
progress curves tended to follow one of three different patterns.
A). The fungus completed its disease progress curve and the host 
survived.
B). The parasite caused sufficient damage to result in the 
disappearance of the host population.
C). The disease progress curve was halted by the disappearance of 
the host due to natural senescence, eg as with many annuals.
There are accounts of pathogens which do cause devastation in the 
wild. For example, PhytopM^ona. cinnamomi the causual agent of die 
back in Eucalyptus spp. causes severe damage in sane parts of 
Australia. In other areas, die bade is seldom a problem (Blowes et 
al. 1982, Halshall, 1982). Where there have been serious epidemics of
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die back it has been postulated (Pratt and Heather, 1973) that this 
may have been due to a recent disturbance in the environment causing 
an imbalance in the pathosystem and resulting in an epidemic. One may 
expect that such a potentially aggressive organism is in danger of 
eliminating its host and consequently itself. However, it has a wide 
host range including hosts found in association with Eucalyptus spp 
and this probably ensures its survival.
Pathogens recently introduced into an area may produce severe 
epidemics in wild host communities. Endothio- parasitica, the causual 
organism of Chestnut blight, was introduced to North America in 1904,and. 
within 50 years it had swept across America (Van Alfen, 1982). The 
American Chestnut (Castanea dentafaftnow survives as sprouts developing 
from infected tree stumps, with few mature trees remaining. In 
Europe, Chestnut blight also posed a severe threat to the sweet 
chestnut population, but within fifteen years of its introduction it 
was noticed that sane trees were surviving attack. It is thought that 
either a virus infects the parasite thus restricting its 
aggressiveness or that a more competitive but less aggressive form of 
the pathogen has developed (Van Alfen, 1982). The development of a 
less aggressive strain of the pathogen would ensure the survival of 
the host and in turn the pathogen.
Few true examples of reduced pathogenicity have been observed in 
pathogens of plants, however, a classic example has been observed in 
the animal kingdom. Myxomatosis of rabbits originally devastated the 
Australian rabbit population. However, in due course, less aggressive 
strains of the virus became dominant in the population, probably 
because they were more readily transmitted by mosquitoes. Resistance 
in the rabbit population also started to increase and the situation is 
now moving towards an endemic balance (Harlan, 1976 , Marshall and 
Fenner, 1985 , May and Anderson, 1983).
1.2. Defence strategies.
Defence strategies identified in crop pathosystems include disease 
escape (or escape resistance), tolerance and various forms of 
resistance.
1.2.1. Disease escape.
Disease escape or escape resistance (Parlevliet, 1977) can be 
considered to be a passive form of resistance and the character that 
results in escape may or may not necessarily have this as a primary 
function. For example, Burdon (1982a) in studies with oat crown rust 
(Puccinia coronata ayenae) showed that the more susceptible host Avena 
fatua developed earlier than the less susceptible A.barbata avoiding 
the impact of the disease. This situation could be merely fortuitous 
or could result from selection imposed by the rust fungus. It has 
also been postulated that the evolution of the annual and deciduous 
growth habits may not have 'eobWeA -soW\u^  in response to unfavourable 
growing conditions, but may also serve to cause a break in the 
availability of host material for pathogens thus checking an epidemic. 
The pathogen would have to respond by evolving a method of colonising 
an alternative host for tW; period or developing a survival mechanism 
to maintain itself over this period (Price, 1980). The occurrence. and 
importance of disease escape may have been underestimated in many 
pathosystems. It is obviously important that characteristics of the 
plant that confer disease escape are not accidentally bred out of a 
crop variety.
1.2.2. Tolerance.
Tolerance is difficult to define (Schafer, 1971 , Clarke, 1986) and 
this has often led. to its confusion with disease escape and forms of 
resistance, especially partial resistance. There may be tolerance to
the pathogen itself or tolerance to the effects of the disease the 
pathogen causes. In this context, tolerance is said to occur where 
two individuals are equally colonized by a pathogen but one individual 
is less affected in terns of growth and/ or reproductive capacity. 
In.'-fouct; most accounts of tolerance in the literature are subjective. 
Studies on tolerance to rust fungi in cereal crops have perhaps been 
the most extensive. For example, Kramer et al (1980) worked with 15 
cultivars of barley but found that only two cultivars showed evidence 
of tolerance to Puccinia hordei but that these tended to be the lower 
yielding varieties with a low harvest index. This implies that a 
lower proportion of assimilates directed towards the ear so that 
when a tolerant plant becomes infected the pathogen utilizes 
assimilates not necessarily directed towards grain production, thus 
grain production is buffered from the effects of the rust.
There is good observational evidence (Tarr,1972) and experimental 
evidence (Ben-Kalio and Clarke 1979) that tolerance may play an 
important part in the survival strategy of wild plants to parasite 
attack.
1.2.3. Resistance.
The term resistance may be applied where a plant allows no 
infection, reduced infection, does not allow reproduction or reduces 
the rate of reproduction of the pathogen. The majority of plant 
species are resistant to the majority of pathogen species ie they are 
non-hosts. Within a host species some potential hosts may show 
resistance to a pathogen normally capable of infecting that host 
species. This may be termed intra specific resistance. Where 
resistance is expressed to some strains or races of the pathogen but 
not others, this can be called race specific resistance (Parlevliet,
1981). Where resistance is expressed to the total pathogen population
this can be called race non-specific resistance. Race specific 
resistance in crop pathosystems tends to be associated with clear cut 
reactions of resistance or susceptibility and tends to be controlled 
by single genes. Resistance of this type is easy to observe and its 
simple inheritance has meant that it is the most commonly used form of 
resistance in crop breeding (Robinson, 1982b). Unfortunately, race 
specific resistance has so often proved to be highly successful 
initially, only for the pathogen population to quickly render the 
resistance ineffective.
Race non-specific resistance is often less complete than race 
specific resistance. It is often, but not necessarily, thought to be 
under polygenic control and is said to be more durable, possibly 
because its relative complexity makes the chances of all mutations 
required for virulence less likely within a pathogen isolate (Fraser, 
1985).
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1.3. Resistance in wild pathosystems.
Race specific resistance has been demonstrated in some wild 
pathosystems. Heather and Chandrashekar (1982a.) found race specific 
interactions between isolates of Melampsora larici-populina and 
M.medusae and collections of Populus spp. Blowes et al (1982) also 
found indications of race specific resistance in the Phytophthora 
cinnamoni/ Eucalyptus spp pathosystem.
In many cases race specific resistance has been identified in the 
search for novel resistance for use in crop plants. For instance, 
Crute et al (1980) found race specific resistance to lettuce downy 
mildew (Bremia lactucae) in a wild relative Lactuca serriola of 
cultivated lettuce (Lactuca sativa). Lebeda (1984) also identified 
race specific resistance in wild relatives (Cucumis spp) of the 
cultivated cucumber to powdery mildew fungi (Erysiphe cichoracearum 
and Sphaerotheca fuliginea).
Dinoor (1977) demonstrated the presence of race specific 
resistance in the wild oat/crown rust pathosystem (Avena sterilis and 
A.barbata/ Puccinia coronata avenae). In race surveys of P.coronata 
avenae in various localities in Israel over a period of three years he 
detected 91 different physiological races of the pathogen, indicating 
that there was a tremendous amount of variability in the pathosystem. 
Work in Israel, by Segal et al (1980) in the search for resistance in 
barley to powdery mildew Erysiphe graminis hordei detected the 
presence of race specific resistance in wild barley (Hordeum 
spontaneum) to the same powdery mildew.
The frequency of H. spontaneum plants in several natural 
populations, showing various levels of infection to E^ graminis was 
also reviewed by Segal et al (1980) and compared with the frequency of 
infection types produced by Puccinia coronata avenae on natural
11
stands of Avena sterilis. High infection types predominated in the A. 
sterilis populations in comparison those found in the H. 
spontaneum populations. Thus, differences in both the levels of 
resistance and the frequency of race specific resistance were 
identified in the different wild plant pathosystems depending on the 
pathogen and host involved in the association.
There have been very few attempts to actually map the 
distribution of various resistance phenotypes in wild plant 
populations. Burdon (1980a,b) studied a natural population of 
Trifolium repens. The 50 plant clones studied showed considerable 
variability in their resistance to two foliar pathogens Cymadothea 
tr.I. folii and Pseudopeziza trifolii. However, only one isolate of 
each of the pathogens was used so that race specificity could not be 
examined.
Dinoor (1970) used two isolates of Puccinia coronata avenae to 
survey race specific resistance in Avena barbata and A^ sterilis in 
various locations throughout Israel. It was found that approximately 
7.5% of the A;_ sterilis plants were resistant to one or other of both 
the rust isolates. Different locations revealed different frequencies 
of resistant plants, indicating diversification between populations. 
The differences between the populations were thought to be a 
reflection of the different environmental conditions of north and 
south Israel.
Disease may also be the cause of diversity. Burdon and Chilvers 
(1974) in a study of pathogens of Eucalyptus spp. suggested that even 
where saplings were not badly affected by insects and fungi if 20% of 
the leaf surface was damaged, this was enough to reduce plant stand 
and hence lead to a diversity of species. Variation for race specific 
resistance may be present in plant populations but the question as to 
whether or not it has occurred as a result of selection by pathogens
12
remains unanswered.
The importance of partial resistance in host defence has 
sometimes been overlooked in both crop and natural populations.
Partial resistance is recognised when infection of a host is 
significantly reduced in comparison to a highly susceptible host 
although colonization by the pathogen is not completely halted as in a 
completely resistant response. There has been a tendency to consider 
partial resistance to be race non-specific but this need not 
necessarily be the case. Partial resistance that is race specific can 
also occur. Partial resistance was commonly found by Burdon and 
Marshall (1981) in four native species of Glycine to the leaf rust 
fungus Phakopsora pachyrhizi. Wahl (1970) also reported that partial 
resistance to Puccinia coronata avenae m s  common in wild populations 
of Avena sterilis. Variation in susceptibility of the cruciferous 
weeds, shepherds purse (Capsella bursa-pastoris) and hedge mustard 
(Sisymbrium officinale) to club root (Plasmodiophora brassicae) was 
studied by Buczacki and Ockendon (1979). Race specific resistance was 
identified in shepherds purse and there was evidence that hedge 
mustard showed various levels of partial resistance.
1.4. R e a s o n s t h e  Senecio vulgaris/Erysiphe fischeri wild plant 
pathosystem.
Senecio vulgaris is a common annual with a short life-cycle, 
therefore, it is easy to collect and many experiments can be completed 
in a relatively short period. It tends to inbreed (Haskell, 1953) so 
that progeny from the same plant are likely to be of similar genotype. 
Inbreeding would also tend to cause divergence (Loveless and Hamerick, 
1984) between populations of groundsel thereby increasing the chances 
of finding differences in the resistance phenotypes between 
populations.
Erysiphe fischeri is an obligate pathogen frequently found 
colonizing groundsel in late summer. Isolates of the pathogen are, 
therefore, relatively easy to obtain. Groundsel powdery mildew is 
unknown on crop plants, and so its race structure is unlikely to be 
affected by pathogen races that build up on crop populations, which in 
turn could affect the survival strategy in the wild host population. 
Studies of resistance in wild populations in the past have generally 
involved resistance to pathogens that also colonize crop plants and, 
therefore, may have revealed artifacts that would not normally occur 
in natural pathosystems without the interference of man's activities. 
Although the pathogen is relatively common on groundsel it rarely 
kills its host or devastates its host population. This indicates that 
an efficient defence strategy may have evolved in the host which could 
provide information of value in the efficient use of resistance in 
crops. .
Work has already been carried out on the pathosystem enabling 
existing information and techniques to be utilized. Ben-Kalio (1976), 
and Ben-Kalio and Clarke (1979) found evidence of tolerance to powdery 
mildew in groundsel. This was also supported by the work of Harry 
(1980). Dry matter production in groundsel showed no signs of 
reduction until I there was a 30% leaf cover by mildew. The 
distribution of dry matter was not significantly affected until 90% of 
the above ground parts of the plant were covered with mildew. Roots, 
stems and leaves were equally affected. In contrast Last (1962) found 
that barley leaves rarely survived infections where more than 50% of 
their area was affected by Erysiphe graminis. Root growth in barley 
was severly affected when 30% of the aerial parts of the plant were 
colonized with barley powdery mildew.
Groundsel heavily colonized by mildew remains capable of setting 
viable seed. Harry (1980) found that eight week-old groundsel plants
u
with 75-100% of their leaf area affected by powdery mildew produced 
half as many flowers as uninfected, benomyl treated controls. Once 
the plants were 9-10 weeks old, infected plants produced a third of 
the flowers of the healthy controls. Although the groundsel set seed 
the reduction in seed output was obviously sufficient to produce 
genetic feedback if sane individuals were more affected than others. 
Susceptibility and resistance would then play an important role in 
determining the frequency of various phenotypes in groundsel 
populations.
Race specific resistance was demonstrated in the pathosystem by 
Harry (1980), and Harry and Clarke (1986). The responses of 
approximately 250 groundsel lines to 8 mildew isolates indicated a 
'gene-for-gene1 type of relationship (Flor, 1956 , Person, 1959). The 
results also indicated differences in the distribution of resistance 
phenotypes between groundsel populations at different sampling sites. 
However, the pi mis numbers of plants tested from each location were 
low and the isolates used were not selected randomly so it was 
difficult to make comparisons between the groundsel populations.
1.5. The aims of the present project.
The main aims of the project were to:
1. Confirm the presence of race specific resistance in the Erysiphe 
fischeri/ Senecio vulgaris pathosystem.
2. Determine the number, frequency and spatial distribution of 
various race specific resistance phenotypes in two geographically 
distant groundsel populations and determine how similar these two 
poulations were.
3. Determine the virulence characteristics of a range of isolates 
from two distant locations.
15
The knowledge gained could be of value for the planning of plant 
breeding and crop management programmes.
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2.0. GENERAL MATERIALS AND METHODS.
2.1. The production of mildew free plants at Glasgow.
Mildew free groundsel was successfully produced in growth rooms at
Glasgow. The growth rooms were maintained at 18°C to 21 °C, with a 16
h photoperiod. Illumination was provided by daylight flourescent
-2 -1tubes, giving a photon flux density of approximately 610ytxmol m s . 
Groundsel seeds were sown in S.A.I. potting compost in 9 cm plastic 
pots; the seedlings were individually transplanted to 12 cm pots about 
three weeks after sowing. At six to seven weeks old the plants were 
usually in flower and producing ample leaf tissue for the testing and 
maintenances of mildew isolates.
2.2. The production of mildew free plants at the N.V.R.S.
At N.V.R.S., groundsel was sown and transplanted in the same way as at
Glasgow. However, the plants were grown in several smaller cabinets,
(See Plate 1.). Temperatures were maintained at 18°C + 1°C. A 16 h
photoperiod was provided by high pressure SOM/R sodium lamps giving an
-2 -1intensity of approximately 320yu.mol m s . On two occasions mildew
was detected at a low level in one of the cabinets. The single plant
<
infected in each case was discarded together with the remaining plants 
in each cabinet. On each occasion this action eliminated the mildew 
infection.
2.3. The mildew isolates.
A collection of isolates of Erysiphe fisclheri was made in Glasgow in 
1983 and at the National Vegetable Research Station, Wellesboume 
(N.V.R.S.) in 1984. Twelve isolates from each location were obtained. 
Infected plants from different areas within the two locations were
18
PLATE 1. Mildew free cabinets at N.V.R.S.
-la
J e *
PLATE 2. Incubation room at N.V.R.S.
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randomly sampled and maintained separately from one another by
enclosing them individually in polythene bags. Conidia from each of
these plants were dusted directly on ko mildew free leaf segments of
several groundsel lines in 9 cm Petri dishes on benzimidazole
supplemented agar. The dishes were incubated at 15°C±1°C at the
N.V.R.S and 20°C-  2°C at GLasgow under lights providing a 12 h
-2 -1photoperiod and an intensity of approximately 100 yuumol m s . Once 
a distinct colony was formed, single chains of conidia were picked off 
the colony, with the aid of a dissecting microscope, using a fine 
steel sewing needle. Each chain was then gently placed on a separate 
mildew free leaf segment and incubated as before. This was repeated 
at least twice to ensure that the resulting colony was the product of 
a single chain of conidia. Several chains of conidia were taken from 
the mildew from each plant and transferred to several different leaf 
segments to ensure that at least one colony of each isolate was 
successfully produced. At the end of the process a resulting colony 
was considered to be a pure isolate originating from a single conidial 
chain. Each isolate was multiplied up using mass conidial 
inoculations onto fresh leaf segments until enough inoculum was 
obtained for testing the isolates on several plant lines. Several 
plant lines were used for the 'bulking- up' of isolates to ensure that 
isolates did not become adapted to one particular line, and to ensure 
that no isolates were lost because they were cultured on unsuitable 
lines.
2.4. Inoculations.
Several methods of inoculation were attempted; in all cases inoculum 
was deposited on the upper (adaxial) surface of the leaf segments.
The methods included:
1. Using a small paint brush to transfer conidia from a
20
sporulating colony to the leaf segment to be tested.
2. A steel needle was gently dabbed in a sporulating colony and 
the conidia gently deposited on the leaf segment to be tested.
3. A small piece of leaf was held with tweezers and dabbed in a 
colony and then gently dabbed onto the fresh leaf segment.
4. The leaf segment producing the colony was cut into small 
pieces if the colony was large, and held with tweezers and gently 
stroked across the leaf segments to be inoculated.
It was found that method 4., otherwise known as the 'direct 
dusting method' produced the most consistent reactions.
2.5. Incubation period.
Isolates C2, D7, G2, and P1 were used to determine the optimum period 
of incubation. Leaf segments from several susceptible plant lines 
were inoculated and examined daily until no further colonies 
developed. The number of leaf segments that produced mildew colonies 
each day are given in Table 2.1. It was found that with an incubation 
temperature between 15°C and 20°C, most of the segments started to 
produce visible colonies 5 days after inoculation. By the 10th day 
after inoculation all plant line/isolate tests giving susceptible 
reactions had produced colonies. The results indicated that the 
optimum time for assessment of infection types was 9 days, thus 
ensuring that susceptible reactions had adequate time to be expressed 
but limiting the time for the development of colonies that were a 
result of secondary infection.
2.6. Maintenance of mildew isolates in Glasgow.
Erysiphe fischeri is an obligate parasite and has to be maintained on 
host tissue. At Glasgow, mildew isolates were maintained on leaf 
segments on 0.5% agar supplemented with 30 ppm benzimidazole in 9 cm
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Table 2.1 Mean % of susceptible leaf segments colonized with mildew
Days after 
inoculation
Mean
C2
Se Mean
Isolate
D7
Se Mean
G2
Se Mean
Pi
Se
1 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
2 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
3 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
4 2.8 2.78 0.0 0.00 0.0 0.00 .0.0 0.00
5 2.8 2.78 2.6 1.35 2.0 2.02 0.0 0.00
6 9.7 6.45 13.7 4.90 4.0 4.04 18.5 0.33
7 18.1 8.89 26.5 7.29 25.3 8.08 32.1 11.48
8 20.8 10.80 33.3 7.55 34.3 9.41 46.9 11.33
9 25.0 10.01 35.9 7.02 - - 59.3 9.91
10 25.0 10.01 - - 43.4 10.10 69.1 10.96
11 - - 39.3 7.29 49.5 9.16 - -
12 27.8 10.07 59.0 6.08 57.6 8.71 80.3 10.96
13 29.2 9.61 - - 58.6 8.62 80.3 10.96
14 29.2 9.61 - - 59.6 9.02 - -
15 29.2 9.61 - - 61.6 9.16 - -
31.9 9.02 - - - - - -
- «= Not examined
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diameter clear plastic Petri dishes. This median was used in all 
investigations using detached leaves. After 10 to 14 days incubation 
at 18°C to 20°C in a 12 h photoperiod, the Petri dishes were 
transferred to a cold room of approximately 5°C that was in continual 
darkness. In this way subculturing was necessary every five to six 
weeks.
2.7. Maintenance of mildew isolates at N.V.R.S.
Mildew isolates that were in continual use were maintained on leaf 
segments from mildew free plants as above. Incubation temperatures 
for the initial production of the colonies was lower being 15°C±1°C 
with a photoperiod of 12 h (Plate 2.). After 10 to 14 days 
incubation, dishes were then transferred to a cold room held at a 
temperature of approximately 5°C and light for about 8 h each day.
Isolates that were not continually in use were successfully 
maintained on whole plants in an Isolation Plant Propagator (Burkard 
Manufacturing Co Ltd; Jerkin , et al, 1973) (Plate 3.). Seedlings of 
groundsel lines found to be susceptible to all isolates were grown in 
mildew free cabinets and then transplanted into the Isolation Plant 
Propagator when they were about three weeks old. Plants were 
inoculated with the respective isolates a week or so later. The 
Isolation Plant Propagator was situated in a temperature controlled 
glasshouse arvi maintained at about 15°C without supplementary lighting. 
Mildew isolates were maintained in this way for many weeks until the 
plant reached the end of its natural life span. Over winter when 
plants were growing slowly, isolates were maintained for up to four 
months in this way without subculturing.
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PLATE 3. Isolation plant propagator.
PLATE U. Mildew infection types
2 U
2,8. The source of the 50 inbred plant lines used to differentiate and 
characterize mildew isolates.
Fifty inbred groundsel plant lines used to characterize the mildew 
isolates were originally obtained by Harry (1980). The original seed 
were collected from several locations in the British Isles (See Fig
2.1 and Table 2.2.). Since all the lines had been maintained for many 
generations by inbreeding they were assumed to be true-breeding for 
resistance phenotype.
2.9 Designation of infection types.
Infection types were designated in all the experiments involving 
detached leaves based on the key developed by Harry (1980). This key 
was itself derived from a scoring system used by Moseman (1956) to 
categorise the reactions of barley to Erysiphe graminis hordei.
Harry's key was as follows:
Infection type 0 = No germination was observed.
Infection type 1 = Slight mycelial development but no conidia were 
produced.
Infection type 2 = Moderate development of mycelium but with the 
production of very few conidia. Some necrosis or chlorosis was 
usually present.
Infection type 3 = Moderate to abundant development of mycelium, 
accompanied by moderate sporulation with some necrosis.
Infection type 4 = Extensive colony formation with abundant 
sporulation and no necrosis or chlorosis.
Infection types 0 and 1 were considered as resistant and types 2, 3 
and 4 susceptible.
The scoring system used in this study was an adaptation of that 
used by Harry (1980). It was found that it was necessary to divide
25
Fig 2-1
Origin of the inbred groundsel lines:
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Table 2.2. The origin of the inbred groundsel lines collected by 
Harry (1980).
Origin
Glasgow
Crail
Ayr
Dublin
Far Sawrey 
Ulverston
Coniston
Line Origin Line
1 c Wellesboume 8a
1e 8g
1f
1g Perth 9a
1h 9c
1 i 9d
1m 9g
1n
1p Stranraer 10j
1s
2a Abington 11a
2d 11e
2e 11 i
2i
Dumfries 14b
3f
3g Aberdeen 15c
15j
4a
4h Pitlochry 16d
16f
5a
Kingussie 17h
6b
6d Inverness 18i
6f
Lairg 19b
7a
7b Crianlarich 23f
7c 23g
7d 23i
7f
Oban 24f
24 j
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infection type 2 into two categories: 2- and 2+. This was because in
many cases small colonies were observed producing very few conidia but
were only visible with the aid of a dissecting microscope. These 
reactions were designated as infection type 2-. Infection type 2+ was 
assigned to reactions where the colonies were visible with the naked 
eye and produced a moderate number of conidia.
The infection types used in this study were as follows:
Infection type 0 = No mycelium or conidia produced.
Infection type 1 = Sparse mycelium produced but no conidia.
Infection type 2-= Mycelium produced a few conidia, but colony was 
only discernible with the aid of a dissecting microscope.
Infection type 2+= More abundant sporulation, colony visible with the 
naked eye.
Infection type 3 = Abundant sporulation giving rise to a moderately 
sized colony.
Infection type 4 = Very abundant sporulation and extensive colony 
produced.
Plate 4. shows examples of leaf segments with infection types 0, 
2+, 3 and 4
2.10. Transformation of infection types to infection scores.
For the purposes of analysis the infection types 0, 1, 2-, 2+, 3 and 4 
were transformed to numerical infection scores 0, 1, 1.5, 2.5, 3 and 4 
respectively. Scores 1.5 and 2.5 were chosen to represent types 2- and 
2+ since reactions giving a 2- type colony produced very few conidia 
and the reaction was considered to be closer to the resistant type 
reactions than the susceptible type reactions. Infection type 2+ 
colonies, on the other hand, produced quite abundant conidia estimated 
in the hundreds and capable of producing more substantial infections
28
than 2-, therefore being more similar to reaction type 3 than to type 
2-.
2,11, General testing procedures using detached leaves.
Mildew free plants were grown at N.V.R.S and Glasgow as described
earlier. The plants were then tested for resistance to particular
isolates using the detached leaf method developed by Harry (1980).
Wherever possible, fully expanded but not senescent leaves were cut
from the sixth node upwards from the mildew free plants to be tested.
Immature leaves were avoided. For each test, four leaf segments from
each plant line for each isolate were placed in each of two 9cm
plastic Petri dishes on 0.5% agar supplemented with 30ppm
benzimidazole. Three leaf segments in each dish were dusted directly
with conidia from a culture of the isolate to be tested and the other
leaf segment was marked by clipping it for identification and left
uninoculated. The uninoculated segment acted as a control to check
for possible cross— contamination with other isolates and to determine
whether any symptoms of necrosis or chlorosis on the inoculated leaves
were due to mildew infection. Thus, for each compatibility test, six
leaf segments originating from two to four leaves from a single plant
were inoculated. The Petri dishes were then incubated for 9 days. At
Glasgow the Petri dishes were incubated in an incubation room at 18°Ci
2°C with a 12 h photoperiod provided by strip daylight flourescent
-2 -1tubes providing an intensity of approximately 120 yU mol s . At
N.V.R.S. the Petri dishes were incubated in an incubation room at 15°C±
1°C with a 12 h photoperiod produced by warm white flourescent tubes
-2 -1with an intensity of approximately 100yumol m s . After 9 days of 
incubation the infection types produced were recorded. Where all or 
most of the reactions were resistant (0 or 1) the test was repeated 
using the same plant about two weeks later.
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3.0. Effects of environmental factors on susceptibility.
3.1 Introduction.
Preliminary observations during the early stages of the work indicated 
that sane groundsel line/isolate interactions produced variable 
infection types on different testing dates and to a lesser extent 
between leaf segments tested on the same date. The histograms 
presented in Figs 3.1 to 3.5 represent the infection types obtained 
for 5 groundsel lines (4h, 6b, 8g, 9g and 11 i) when they were 
inoculated with 5 mildew isolates (G8, G9, G10, G11 and G12) on two
separate occasions. It can be seen from the histograms that every 
leaf segment of plant line 6b tested was completely resistant to all 5 
isolates. The infection scores obtained for line 8g showed sane 
degree of variation, but generally its infection scores were fairly 
high making it easy to categorise as highly susceptible. However, 
plant lines such as 11 i showed highly variable results, especially 
between testing dates. Tests made on the 13.8.84 showed that it was 
completely resistant to isolate G10 but tests on the 22.10.84 
indicated a low level of susceptibility to that isolate. The
infection types obtained with line 9g were also difficult^ categorise
as it tended to show a low but variable level of susceptibility to 
many of the mildew isolates.
This variation between tests made some plant line/isolate 
combinations difficult to classify. Experiments were carried out to 
determine whether any environmental factors were responsible for the 
variation that could be controlled in future experiments. The 
following are probably the more important sources of variation.
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3.1.1. The conditions used to raise the plants.
The plants used for testing were raised in growth roans where
temperature and light regimes were controlled, and consequently it is 
unlikely that these factors were causing variation. It was thought 
possible that the spacing and size of pot used for plant raising could 
affect susceptibility. However, preliminary experiments investigating 
the effects of spacing and transplanting date suggested that these 
factors only affected susceptibility indirectly. For example, high 
sowing densities or delayed transplantation retarded the rate of 
development of the plants consequently making than less susceptible 
(See Section 3.2.2.). It was decided that for future experiments, all 
plants would be transplanted 3 weeks after sowing to individual
plastic pots of at least 12 cm diameter.
3.1.2. The testing procedure.
The composition of the agar medium was always the same being 5g of 
agar per litre of water, with a supplementation of benzimidazole of
3
30mg per litre of water. Approximately 25 cm of this medium was 
poured into 9 cm sterile plastic Petri dishes. Leaves were harvested 
between 9 am and 12 am and inoculated approximately 2-3 h later.
3.1.3. The inoculation procedure.
This involved dusting conidia from leaf segments supporting 
sporulating colonies directly on lo the leaf segments to be tested.
The number of conidia actually placed on the leaf segment could, 
therefore, vary considerably. The amount of inoculum is known to
j
affect susceptibility in other pathosystems. For example, increased 
amounts of Puccinia coronata avenae inoculum on oats (Luke et al,
1972) and Puccinia hordei inoculum on barley (Clifford, 1974) produce 
increased amounts of rust infection. It is likely that the same
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relationship applies to groundsel powdery mildew infection. In all 
tests the level of inoculum applied (100 or more conidia) was 
considered capable of producing a susceptible reaction on an /Vappropriate host line. The conidia applied were just discerr^ble with 
the naked eye as a white dust on the leaf segment surface? excessive 
amounts of conidia were gently removed.
The age of conidia and the age of colony from which conidia are 
obtained are known to be important factors related to the viability of 
Erysiphe graminis tritici on wheat (Nair and Ellingboe, 1962). There 
appeared to be no benefit obtained where the older conidia were blown 
from Erysiphe fischeri colonies 24 h before they were to be used for 
testing. This was probably because the excess of conidia used in the 
tests were adequate to produce susceptible infection types on 
susceptible lines.
Conidia used to conduct the tests were obtained from relatively 
young colonies about 10 to 12 days after initial inoculation. Older 
conidia were not removed from colonies prior to their use in testing. 
Leaf segments bearing older colonies tended to become contaminated 
with bacteria or fungi such as Botrytis spp. Dr B.L. Brady, of the 
Commonwealth Mycological Institute, identified Penicillium spinulosum 
on the agar and Trdchoderma viride and Verticillium lamellicola were 
associated with the groundsel leaf pieces. Trichoderma viride is a 
known antagonist of several parasitic fungi such as Venturia inaequalis 
on apple (Andrews et al. 1983), Botrytis spp on strawberries (Tronsomo 
and Dennis, 1977) and Rhizoctonia solani (Martin et al, 1985., 
Papavizas and Lumsden, 1980). Penicillium spp are also known to be 
antagonistic to Botrytis cinerea on cyclamen (Blakeman and Fokkema, 
1982) and to Verticillium spp on eggplant (Martin et al, 1985). 
However, it is unlikely that Penicillium spinulosum was responsible 
for any variation in levels of Erysiphe fischeri since it was rarely
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found on the leaf segments. Although Verticillium lamellicola is not 
reported to be a hyperparasite of parasitic fungi it appeared to have 
a very close association with fischeri. Other species of 
Verticillium are known to be hyperparasites (Blakeman and Fokkema, 
1982). For example, Verticillium lecanii is a parasite of scale 
insects and aphids. It is also reported to be a hyperparasite of 
fungi such as Puccinia graminis tritici (McKenzie and Hudson, 1976) 
and Uromyces dianthi on carnation (Spencer, 1980). It is highly 
likely that these contaminants found on the leaf segments contributed 
to the variability of the infection types of E;_ fischeri on groundsel 
but little could be done to eliminate them. It was considered that 
the contaminants were not responsible for inducing resistant reactions 
since all reaction types could be affected, including highly 
susceptible ones. Contaminants were kept to a minimum by regular 
subculturing.
3.1.4. Incubation conditions.
Inoculated segments were incubated for a constant period of 9 days; 
therefore, it is unlikely that the period of incubation was a source 
of variation. During the early stages of the work environmental 
factors such as light and temperature were not strictly controlled 
during the incubation period because facilities to do so were not 
available. Eventually the tests were transferred to growth roans and 
it was then possible to determine how such factors affected 
susceptibility. Erysiphe fischeri is capable of germinating and 
colonising groundsel within the temperature range 6°C to 28°C 
(Ben-Kalio, 1976). Within this temperature range there must be an 
optimum for mildew growth which would in turn affect infection scores. 
There is also the possibility that temperature may affect the 
expression of resistance in groundsel. Temperature is known to affect
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the expression of certain resistance genes in some crop pathosystems. 
Resistance may be expressed at higher temperatures but not at low 
temperatures. For example, resistance gene Dm6 in lettuce to Bremia 
lactucae was only expressed completely at 20°C (Crute and Norwood, 
1978). Some cultivars of wheat such as Maris Fundin give an 
incompatible reaction at 20°C and a compatible reaction at 9°C to 
Puccinia recondita tritici (Hyde, 1982 , Dyck and Johnson, 1983). The 
reverse may also occur as in some cultivars of spring wheat to 
Erysiphe graminis (Futrell and Dickson, 1980) and in oats to Puccinia 
coronata avenae (Simons, 1954). Experiments were therefore carried 
out to determine whether some groundsel line/mildew isolate 
interactions were affected by temperature.
3.1.5. Plant age.
The ages of plants from which leaf segments were harvested varied 
between sampling dates, probably causing sane variation. The effects 
of plant age on the expression of resistance to powdery mildews is 
well known in crop pathosystems. Some resistance is only expressed at 
the adult stage, for example, sane cultivars of oat only express 
resistance to Erysiphe graminis avenae (Jones, 1975) at this stage.
The same is true of some wheat cultivars in response to graminis 
tritici (Roberts and Caldwell, 1970 , Briggle and Scharen, 1961). In 
other cases resistance is only expressed in the seedling stage.
Lettuce was generally found to be resistant to E. cichoracearum at the 
seedling stage but was susceptible at later growth stages 
(Schnathorst, 1959). Some cultivars of barley show seedling 
resistance but adult plant susceptibility to E.graminis hordei (Wright 
and Heale, 1984). Experiments were designed to examine the effect of 
plant age on susceptibility.
L0
3.1.6. Leaf number or leaf age.
Occasionally it m s  not possible to use leaves from similar positions 
on different plants for testing as there were not enough. The age of 
leaf could have been a source of variation since it is known to be of 
importance in crop/powdery mildew pathosystems. For example, the 
lower leaves of lettuce are more susceptible to cichoracearum 
(Schnathorst, 1959). Likewise the lower leaves of oats are more 
susceptible to E.graminis avenae (Jones, 1975 and 1978). The older 
leaf cells of barley are reported to be more susceptible to E.graminis 
hordei (Lin and Edwards, 1974).
Preliminary experiments were carried out to assess the effects of 
incubation temperature, plant age and the relative developmental stage 
of leaf (leaf age or number). The experiments indicated that these 
factors may not only affect the general severity of mildew but - they 
may also affect the resistance of sane plant lines to particular 
isolates.
3.1.7. Experimental aims.
The first experiment described here m s  designed to determine in more 
detail the effect of plant age on infection type. The second 
experiment m s  a multi-factorial experiment using 5 plant lines and 4 
isolates to determine whether there were any interactive effects of 
incubation temperature, plant age and leaf age on certain plant 
line/isolate combinations.
3.2 Experiment 1. The effect of plant age on susceptibility.
3.2.1. Materials and methods.
This experiment was carried out using the facilities at Glasgow.
Plant lines 1c, 1e, 1f, 1g, 1h, 1i, 1m, 1n, 1p, 1s, 2d, 2e, 3g, 4h,
5a, 6d, 7c, 8a, 8g, 9a, 9g and 10j were tested with isolate G2 at five 
different ages of approximately 7 days, 14 days, 21 days , 32 days and 
46 days after sowing. The seeds were sown at intervals such that all 
ages of plant were ready for testing at the same time. Seeds were 
sown in pots 6 cm in diameter, and plants that were required to be 
over 21 days-old were individually transplanted to 12 cm pots 
approximately 21 days after sowing.
The 7 day-old plants possessed cotyledons, while the 14-day old 
plants had also developed first and second true leaves. Whole leaves 
and cotyledons of these seedlings were tested because they were too 
small to cut into segments. Twenty cotyledons from 7-day old plants 
of each line were placed in a set of five dishes. This procedure was 
repeated with the cotyledons of the 14 day-old plants. A random 
mixture of first and second true leaves from the 14 day-old plants 
were placed in another set of five Petri dishes. Twenty leaf segments 
were cut from the 21 ,32 and 46-day old plants of each line and placed 
in further sets of five Petri dishes. Each Petri dish contained four 
pieces of leaf material. One leaf or leaf segment in each dish was 
marked by clipping it and left uninoculated as a control, the other 
three leaves or leaf segments were inoculated with isolate G2 using 
the direct dusting method. The Petri dishes were then incubated for 9 
days at 18°C with a 12 h photoperiod. The infection types which 
developed were recorded.
U7
3,2.2. Experiment 1. Results.
The contingency Chi squared table of the frequency of the different 
infection types obtained in each treatment is given in Table 3.1. 
Infection types 0 and 1 were combined since infection type 1 occur re cL 
at a frequency of less than five in some treatments. Infection types 
3 and 4 were also combined due to the low frequency of infection type
3. TheX value was found to be highly significant so analysis of 
variance was carried out on the data after transforming the six 
infection types to 0, 1, 1.5, 2.5, 3 and 4 respectively.
Analysis of variance indicated that there were significant 
differences between plant lines and plant age, and a smaller but still 
significant, plant line x plant age interaction (Table 3.2). The mean 
infection scores for each plant line at each age are given in Table
3.3. There were some obvious differences in susceptibility between 
plant lines. For example line 1g was generally more susceptible than 
1e, 1m, 2e etc. This indicated that partial resistance (ie the plants 
were colonized but to a reduced extent) to isolate G2 may be operating 
in sane lines.
Within plant lines, there were no significant differences in 
susceptibility between cotyledons and first and second true leaves of 
the 14 day old plants or between these and the 7 day old plants. 
However, there were significant differences between each of the four 
older age categories of sane plant lines and this was due to a gradual 
increase in susceptibility with age, eg lines 8a and 8g. Other plant 
lines, for example, 9a, remained totally resistant at all ages. A few 
lines gave unexpected results which were probably due to experimental 
error. For example, susceptible reactions were recorded on 7 and 46 
day-old plants of line 1m but resistant reactions were recorded for 
intermediate ages.
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Table 3.1 Plant age and susceptibility (Experiment 1) 
Contingency table
Number of lea f segments of each infection type.
Infection
Type 7 days
Plant
Cotyledons True leaves 
14 days 14 days
age
21 days 32 days 46 days Total
0 and 1 223 228 254 187 134 104 1130
2- 42 40 26 58 35 27 228
2+ 48 55 27 36 71 77 314
3 and 4 17 7 23 49 90 122 308
Total 330 330 330 330 330 330 1980
X2 value = 201.7
2
Expected X15 at P 0.05 = 25
Table 3.2 Analysis of variance for plant lines and plant age 
(Experiment 1)
Source of variation DF SS MS VR FPR
Lines 21 967.243 46.059 38.686 <0.001
Ages 5 530.624 106.125 89.136 <0.001
Lines x Ages 105 589.237 5.612 4.713 <0.001
Residual 528 628.633 1.191
Total 659 2715.737 4.121
Within dishes error 1320 851.167 0.645
Grand total 1979 3566.904
Co-efficient of variation = 58.0%
STANDARD ERRORS: Ages = 0.0849
Lines = 0.1627 
Ages x Lines = 0.3984
Table 3.3 Mean scores for ages and lines combinations (Experiment 1)
Plant
Lines 7 days
Plant
Cotyledons True leaves 
14 days 14 days
age
21 days 32 days 46 days
Mean
Total
lc 0.10 0.50 0.00 1.50 0.50 2.33 0.82
le 1.77 0.90 0.30 0.97 2.13 3.30 1.56
If 2.20 0.27 2.40 2.30 2.40 3.10 2.11
ig 1.53 1.60 2.70 2.27 3.10 3.07 2.38
lh 1.40 0.00 0.07 0.77 1.10 2.50 0.98
li 0.00 0.00 0.07 0.23 1.83 2.20 0.72
lm 2.17 0.17 0.47 0.80 0.73 2.17 1.08
In 0.27 0.00 0.00 0.00 0.27 2.00 0.42
lp 1.80 0.80 1.70 2.30 2.53 2.80 1.99
Is 0.83 0.33 1.03 0.57 1.70 1.33 0.97
2d 0.40 1.57 0.90 1.50 3.30 2.87 1.76
2e 0.10 1.50 0.30 0.43 3.00 1.67 1.17
3g 0.57 0.93 0.20 0.43 2.10 1.70 0.99
4h 0.10 0.00 0.00 0.00 0.00 0.00 0.02
5a 0.00 0.20 0.00 0.27 0.57 1.10 0.36
6d 1.17 0.83 0.33 1.67 1.47 0.60 1.01
7c 0.37 2.03 0.63 • 2.43 2.93 2.90 1.88
8a 0.20 0.87 0.00 1.63 2.30 3.40 1.40
8g 0.53 1.77 1.17 2.20 2.60 3.00 1.88
9a 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9g 0.00 0.00 0.00 0.00 0.10 0.00 0.02
lOj 0.30 0.30 0.10 0.40 0.00 1.23 0.39
Mean total 0.718 0.662 0.562 1.030 1.576 1.967
LSD at P = 0.05 for: Plant age = 0.166
Plant lines = 0.319 
Ages x Lines = 0.781
U 5
Seedling resistance and adult plant susceptibility to isolate G2 
was indicated in sane plant lines, eg 1c, 1i, 1n, 5a and 10j, but the 
age of plant at which resistance was reduced was different for 
different plant lines. Groundsel line 1c had lost seedling resistance 
by 21 days after sowing, line 1i did not loose resistance until 32 
days and lines 1n, 5a and 10j did not become susceptible until 46 days 
of age. In the majority of cases, plants showed increased 
susceptibility once they were in flower, about 28 to 42 days after 
sowing. No clear cases of adult-plant resistance were found.
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3.3. Experiment 2. An investigation of effects of plant age, 
incubation temperature and leaf position on expression of resistance.
3.3.1. Materials and methods.
This experiment was carried out at N.V.R.S. Four isolates of powdery 
mildew, G8, G9, G10 and G11 were tested on five groundsel plant lines, 
6b, 7d, 8a, 9c and 11 i at three different temperatures 10°C, 15°C and 
20°C. Plants were tested at two ages, 2 wks and 6 wks after sowing. 
The 2 week-old plants possessed cotyledons and true leaves which were 
tested together.
To investigate the effects of leaf number ie leaf age, on 
susceptibility, leaves from the 6 week-old plants were harvested from 
four different nodes. An excess of plants was grown for the 
experiment but there was such variation in the number of nodes on each 
plant even from within the same plant line that sampling from exactly 
the same node on each plant was impossible. Plants of similar size 
were chosen wherever possible and the leaves sampled from the nodes as 
shown in the Fig 3.6. Leaves were categorized as old, 
old-intermediate, young-intermediate and young. Leaves at the base of 
the plant (usually from the 3rd to 6th nodes) were classed as old 
leaves. Young leaves came from the highest node where leaves were 
sufficiently expanded to provide test material. The two intermediate 
categories were from the nodes approximately one third of the distance 
from the respective youngest or oldest nodes sampled.
The maximum number of segments of a reasonable size for testing 
(0.5 x 1 cm) that could be cut from most leaves, was six. Therefore, 
Petri dishes were prepared in blocks of six. Fig 3.7 represents the 
arrangement of the leaf pieces in a block of six Petri dishes. Each
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Fig 3-6
Nodes from which leaves were taken. 
For Experiment 2.
Youngest
Young
Intermediate
Old
Intermediate
Oldest
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Petri dish in each block of six contained material from one mature
plant and from several seedlings of one line. The oldest leaf from a
mature plant was cut into six segments and one segment was placed into
one half of each of six dishes. This was repeated for the youngest
and two intermediate categories of leaf position. The node from which
each leaf segment originated was marked on the base of the dish under
the appropriate leaf segment. Two cotyledons, and the 1st and 2nd
true leaves from the two-week old plants were placed in the other half
of each Petri dish. The blocks of six dishes were divided into two
sets of three. Each set was inoculated with a different isolate by
the direct dusting method; in this case the isolates used were G9 and
G10. One dish from each of the sets of three dishes was placed in a
growth cabinet for incubation at 20°C, 15°C or 10°C. Other plants of
each line were used to set up further blocks of 6 Petri dishes per
line which were then inoculated with isolates G8 and G11. Five mature
plants for each plant line were used for each isolate pair.
Therefore, ten mature plants and several seedlings were used to test
the four isolates. All the cabinets used for incubation were
maintained with a 12 h photoperiod with a light intensity of
- 2 - 1approximately 280 yamol m s provided by high pressure sodium vapour 
lamps (SOM/R).
3.3.2. Results.
The six infection types were transformed to infection scores 0, 1,
1.5, 2.5, 3 and 4. The mean infection scores obtained are given in 
Table 3.4. A mean infection score of 0.6 or less was considered to be 
resistant, any score above 0.6 was susceptible. Analysis of variance 
was carried out on the data, and the results are given in Table 3.5.
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Table 3.4 Mean infection scores for each plant line with each
isolate at each incubation temperature, plant age and leaf age
solate
Plant
line
Temper-
ture Old Int Old
Mature plant 
Int Young Young Seedl:
G8 lli 20°C 0.0 0.0 0.0 0.0 0.2
15°C 0.0 0.6 0.9 0.5 0.4
10°C. 0.0 0.0 0.0 0.6 0.1
G8 9c 2 0 o C 0.0 0.0 0.0 0.0 0.3
15°C 0.0 0.0 0.3 0.0 0.4
10°C 0.3 0.0 0.0 0.0 0.5
G8 6b 20°C 0.0 0.0 0.0 0.0 0.0
15°C 0.0 0.0 0.0 0.0 0.2
10°C 0.0 0.3 0.0 0.0 0.3
G8 7d 20°C 0.0 0.0 0.0 0.0 1.4
15°C 0.0 0.3 0.0 0.0 1.0
10°C 0.0 0.0 0.0 0.0 2.1
G8 8a 20°C 2.6 3.1 2.4 2.8 1.5
15°C 1.7 2.2 2.6 2.7 2.0
10°C 0.9 1.3 1.7 1.4 1.1
G9 lli 20°C 2.1 2.2 2.1 2.4 0.0
15°C 2.1 3.0 2.3 2.1 0.9
10°C 0.3 0.8 2.3 1.6 0.1
G9 9c 20°C 0.5 0.0 0.0 1.3 0.1
15°C 0.9 0.9 1.8 1.5 0.5
10 C 0.3 0.9 0.6 0.9 0.3
G9 6b 20°C 0.0 0.0 0.0 0.0 0.0
15°C 0.0 0.0 0.3 0.0 0.3
10°C 0.0 0.0 0.0 0.0 0.1
G9 7d 2 0 oC 0.0 0.0 0.6 0.5 0.2
15°C 0..0 0.0 0.9 0.8 0.8
10°C 0.0 0.0 0.8 0.6 0.3
G9 8a 20°C 1.1 2.0 3.2 1.4 0.5
15°C 1.8 2.5 3.4 2.4 1.5
10°C 0.8 2.1 1.7 2.0 0.3
GlO lli 20°C 0.0 0.3 0.3 0.5 0.1
15°C 1.1 1.4 0.6 1.0 0.5
10 C 0.3 0.6 0.6 0.3 0.2
GlO 9c 2 0 nC 0.0 0.0 0.0 0.0 1.3
15°C 0.0 0.3 0.3 0.0 2.1
10°C 0.3 0.0 0.0 0.0 1.3
GlO 6b 20°C 0.0 0.0 0.0 0.0 0.0
15°C 0.0 0.0 0.0 0.3 0.4
10 C 0.0 0.0 0.0 0.0 0.1
GlO 7d 20°C 0.0 0.6 0.0 0.0 0.2
15°C 0.0 0.0 0.6 0.0 0.6
10°C 0.0 0.0 0.0 0.0 0.0
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Table 3.4 continued
Plant Temper- Mature plant
Isolate line ture Old Int Old Int Young Young Seedling
GlO 8a 20oC 2.1 3.0 3.3 3.5 1.1
15oC 1.5 3.2 3.5 2.9 2.4
10°C 0.6 1.9 2.3 1.4 1.2
Gil lli 20°C 0.0 0.0 0.0 0.0 0.0
15°C 0.3 0.3 0.3 0.3 0.2
10 C 0.0 0.0 0.6 0.0 0.2
Gil 9c 20°C 0.0 0.0 0.0 0.0 0.0
15°C 0.0 0.0 0.0 0.6 0.1
10°C 0.0 0.0 0.0 0.3 0.0
Gil 6b 20oC 0.0 0.0 0.0 0.0 0.0
15oC 0.0 0.0 0.0 0.0 0.010 c 0.0 0.0 0.0 0.0 0.3
Gil 7d 20°C 0.0 0.0 0.0 0.0 0.1
15°C 0.0 0.0 0.0 0.3 0.6
10°C 0.0 0.3 0.0 0.0 3.0 .
Gil 8a 20oC 1.1 2.3 3.0 2.1 1.615°C 1.6 1.6 1.8 1.9 1.5
10 C 0.6 1.4 1.7 1.6 1.3
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3.3.2.1 The effect of plant age.
Table 3.6 gives the mean infection scores for each plant line tested 
with each isolate for both ages of plant. Plant age was found to 
affect susceptibility or resistance in certain isolate/plant line 
combinations. Table 3.7 shows the resistant and susceptible 
reactions of each isolate/plant line combination for both plant ages 
and indicates which differences are significant.
There were instances of adult plant resistance in some lines to 
some isolates. Plant line 7d was susceptible to mildew isolates G8 
and G11 as a seedling but resistant as an adult. This was also 
indicated in preliminary experiments. Groundsel line 9c also provided 
an example of adult plant resistance with isolate G10, but 
interestingly appeared to possess seedling resistance to isolate G9. 
The latter interpretation must be treated with caution as line 9c 
showed only a relatively low level of susceptibility as an adult plant 
to isolate G9. Line 11 i gave a more definite example of seedling 
resistance to isolate G9. Age dependent resistance is probably quite 
common in the groundsel/powdery mildew pathosystem since it has been 
found in a relatively high proportion of the few plant line and 
isolate interactions examined in this experiment.
Plant line 6b was equally resistant to all four mildew isolates 
(G8, G9, G10 and G11), at both plant ages tested, suggesting that 
resistance of sane plant lines is not age dependent.
Plant line 8a was susceptible to all four isolates at both ages 
of plant but the level of susceptibility of the seedling was 
significantly lower than that of the adult stage. This supports the 
evidence of experiment 1. that plant lines which are susceptible to 
most isolates tend to be less susceptible in the seedling stage.
Field observations reported in Chapter 8 also indicated that many 
young plants in natural groundsel populations were relatively free of
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Table 3.6 The effect of age of plant on infection score
Isolate lli 
A S
9c
A S
Plant
6b
A
line
S
7d
A S
8a
A S
G9 1.86 0.33 0.80 0.32 0.03 0.13 0.35 0.43 2.03 0.74
GlO 0.58 0.23 0.08 1.54 0.03 0.17 0.10 0.26 2.43 1.58
Gil 0.15 0.13 0.08 0.05 0.00 0.09 0.05 1.23 1.73 1.43
G8 0.22 0.19 0.05 0.38 0.08 0.18 0.03 1.50 2.12 1.53
STANDARD ERROR: 0.1468
LSD at P
» i p 
it ii p
- 0.05 = 0 
= 0.01 = 0 
* 0.001 * 0
.288
.878
.733
A * Adult S = Seedling
Table 3.7 Summary of age of plant and its effect on resistance
(Including the probability of infection scores being significantly 
different)
Plant line
Isolate
Plant
Age lli P 9c P 6b P 7d P 8a p
G9 Adult
Seed
S
R 0.001
S
R 0.001
R
R NS
R
R NS
s
s 0.001
GlO Adult
Seed
R
R 0.05
R
S 0.001
R
R NS
R
R NS
s
s 0.001
Gil Adult
Seed
R
R NS
R
R NS
R
R NS
R
S 0.001
s
s 0.05
G8 Adult
Seed
R
R NS
R 
. R 0.05
R
R NS
R
S 0.001
s
s 0.001
NS = No significant different 
R = Resistant = mean score of 0.6 or less 
S = Susceptible = mean score of more than 0.6
P * Probability of difference between infection scores being significant
5-eccl = S ce
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mildew.
3.3.2.2. Effects of temperature and plant age on susceptibility.
The variance ratio for the isolate x plant line x temperature x plant 
age combination was significant, (see Table 3.5) This suggests that 
incubation temperature may affect susceptibility of certain isolate/ 
plant line combinations at certain stages of development. Table 3.8 
gives the mean infection scores for these combinations. Plant line 7d 
when inoculated with isolate G11 had a low level of susceptibility 
both as a seedling and as an adult plant at all temperatures except 
for the seedling stage incubated at 10°C where a high mean infection 
score of 3.0 was obtained. In other cases, for example, plant line 
11 i with isolate G9, temperature did not affect the expression of age 
dependent resistance.
Table 3.9 and Fig 3.8 show the general effects of temperature on 
the total mean infection scores of adult and seedling plants. In 
general, incubation at 15°C gave a uniformly high infection score at 
both plant ages. Raising the incubation temperature to 20°C tended to 
reduce the susceptibility of seedlings more than that of adult plants. 
Lowering the temperature of incubation to 10°C had the reverse effect; 
the susceptibility of the adult plants was lowered significantly more 
than that of the seedling.
3.3.2.3. Effects of temperature on the susceptibility of each plant 
line.
The effect of incubation temperature on the mean infection scores of 
the plant lines is illustrated in Table 3.10 and Fig 3.9. Four of the 
plant lines 6b, 8a, 9c and lli, responded in the same way to 
temperature, being most susceptible- at 15°C. Preliminary experiments 
also indicated that plant line 11i was more susceptible to isolate G12
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Table 3.8 Effect of temperature and age of plant on mean infection 
score
Temperature 20 
Isolate Plant
Line Adult
°C
Seedling
15°C 
Age of plant 
Adult Seedling
10'
Adult
°c
Seedling
G9 lli 2.20 0.00 2.38 0.93 1.00 0.08
9c 0.45 0.13 1.29 0.50 0.67 0.33
6b 0.00 0.00 0.08 0.32 0.00 0.08
7d 0.28 0.15 0.43 0.80 0.35 0.33
8a 1.93 0.50 2.53 1.45 1.65 0.28
GlO lli 0.28 0.08 1.03 0.45 0.45 0.15
9c 0.00 1.28 0.15 2.10 0.08 1.25
6b 0.00 0.00 0.08 0.43 0.00 0.08
7d 0.15 0.15 0.15 0.63 0.00 0.00
8a 2.98 1.18 2.78 2.38 1.55 1.23
Gil lli 0.00 0.00 0.30 0.15 0.15 0.23
9c 0.00 0.00 0.15 0.08 0.08 0.00
6b 0.00 0.00 0.00 0.00 0.00 0.28
7d 0.00 0.08 0.08 0.58 0.08 3.08
8a 2.13 1.55 1.73 1.48 1.33 1.28
G8 lli 0.00 0.15 0.50 0.35 0.15 0.08
9c 0.00 0.28 0.08 0.43 0.08 0.45
6b 0.00 0.00 0.00 0.23 0.08 0.33
7d 0.00 1.40 0.08 1.00 0.00 2.10
8d 2.73 1.53 2.30 2.00 1.33 1.08
STANDARD ERROR = 0.2543
LSD at P = 0.05 s 0.498
" " P = 0.01 = 0.655
"  " P = 0.001 = 0.837
Table 3.15 Effects of plant age and temperature on mean infection score
Temperature Plant age
Adult Seedling
20°C 0.66 0.42
15°C 0.80 0.81
10°C 0.45 0.63
STANDARD ERROR = 0.057
LSD at P = 0.05 = 0.112
n t P = 0.01 * 0.147
ti ti P = 0.001 « 0.187
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Table 3.10 Effect of temperature on mean infection score of 
each plant line
Plant line
20°C
Temperature
10°C
lli 0.34 0.76 0.28
9c 0.27 0.59 0.37
6b 0.00 0.14 0.10
7d 0.26 0.47 0.73
8a 1.81 2.08 1.21
STANDARD ERROR « 
LSD at P - 0.05 
" " P - 0.01 
" " P - 0.001
0
s
s
JS
.09
0.176
0.232
0.296
Table 3.11 The effect of temperature on isolate performance
Isolate
20°C
Temperature
10°C
G9 0.56 0.07 0.48
GlO 0.60 1.02 0.48
Gil 0.38 0.45 0.64
G8 0.61 0.70 0.57
('Mean infection score is for the mean of all plant lines with each isolate)
STANDARD ERROR = 0.080 
LSD at 5% level « 0.176 
" " 1% level = 0.232
” " 0.1% level = 0.296
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T H E  E F F E C T S  OF T E M P E R A T U R E  A N D  
A N D  A G E  O F  P L A N T  O N  M E A N  INFECTION
SCORF.
1-0-1 
0-9- 
0 8 -  
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Fig 3-10
T H E  E F F E C T S  O F  T E M P F R A T U R F  O N  T H F  
G R O W T H  O F  E A C H  I S O L A T E
x  = Isolate G 8  □ = Isolate G10
• = Isolate G9 o = Isolate G11
0-8- //
0-5-
C r '
15°C
T E M P E R A T U R E
61
at 15°C than at 20°C. However, one plant line, 7d, became more 
susceptible as the temperature decreased.
3.3.2.4. The effect of temperature on isolate performance.
The overall response to incubation temperature of each isolate over 
all plant lines tested is given in Table 3.11 and Fig 3.10. Isolates 
responded differently to different incubation temperatures. Isolates 
G9 and G10 behaved in a similar way, producing the highest infection 
scores at 15°C. Isolate G8 caused more or less constant infection 
scores regardless of temperature, whilst isolate G11 caused higher 
infection scores as the incubation temperature was lowered.
3.3.2.5 Effect of leaf age on susceptibility.
Preliminary experiments indicated that the upper leaves of plant line 
11i were more susceptible to isolate G12 than the lower leaves. 
However, this experiment, using other isolates, revealed no such 
differences. Table 3.12 gives the mean infection scores obtained for 
the seedling leaves and the four leaf positions for each plant line. 
The variance ratio for this combination of treatments was significant 
but most of the difference was due to the differences in 
susceptibility between the two ages of plant and not to differences 
between leaf ages of mature plants. The oldest leaves tested from the 
mature plants tended to be less susceptible than the other leaf 
categories (old-intermediate, young-intermediate and young). The 
oldest leaves probably appeared less susceptible as they tended to 
senesce more quickly during testing and became colonized with 
contaminants such as Botrytis which discouraged the growth of the 
mildew.
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Table 3.12 Effect of leaf age and plant age on susceptibility
Plant line Old
Age of leaf 
Old Int Young Int Young Seedling
lli 0.52 0.77 0.75 0.78 0.22
9c 0.19 0.18 0.25 0.38 0.57
6b 0.00 0.03 0.03 0.03 0.14
7d 0.00 0.10 0.24 0.18 0.85
8a 1.37 2.22 2.56 2.18 1.32
Mean Total 0.415 0.657 0.763 0.708 0.620
LSD for Leaf age x Plant age
LSD « 1.96 x 0.1468 - 0.288 at P * 0.05
" « 2.576 x 0.1468 = 0.378 at P = 0.01
" * 3.291 x 0.1468 « 0.483 at P = 0.001
LSD for Leaf age
LSD = 1.96 x 0.1161 *= 0.228 at P « 0.05
" = 2.576 x 0.1161 * 0.299 at P - 0.01
" - 3.291 x 0.1161 - 0.382 at P - 0.001
LSD for Plant age
LSD = 1.96 x 0.0734 = 0.144 at P = 0.05
" = 2.576 x 0.0734 = 0.189 at P = 0.01
" * 3.291 x 0.0734 = 0.242 at P = 0.001
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3.3.2.6. Plant and isolate main effects.
Although the variance ratios for isolates and plant line main effects 
were large when calculated using the residual error, they were no 
longer significant when they were calculated using the variances for 
the lower order combinations of treatments. This is explained by 
specific effects of temperature, plant age or leaf number on 
particular plant line/ isolate combinations. This emphasises the 
importance of the effect of the environment on the expression of 
disease resistance. Kulkami and Chopra (1982) pointed out that race 
specific resistance reported in some experimental work, (for example, 
the work of Scott and Hollins (1977) on resistance of wheat to 
isolates of Cercosporella herpotrichoides) , could be explained by 
different environmental effects on the reactions of certain host lines 
and pathogen isolates. Thus, reaction patterns appearing to be race 
specific, may, in some cases, be artifacts caused by environmental 
effects on the reaction between host and pathogen.
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3.4 Discussion.
Resistance which is expressed orv.\i^ either at the seedling stage or 
adult stage has clearly been demonstrated in sane groundsel 
line/isolate combinations. This situation also occurs in 
crop-pathogen associations. Some cultivars of winter wheat were found 
to be more susceptible to Erysiphe graminis f.sp. tritici in the adult 
stage whilst other cultivars were more resistant at the seedling stage 
(Bennett; 1981a,b). Both forms of resistance are important and are 
utilized in crops. In some cases the age dependent resistance is only 
partial, for instance, the slow mildewing of 'Knox' wheat is only 
expressed in the adult stage (Shaner,1973). In other cases, such as 
the barley cultivars Athos and Porthos, resistance is complete in 
seedlings but only partially expressed in adults (Wright and Heale, 
1984). Race specific resistance genes to Puccinia recondita in wheat 
are also known to be expressed differentially at different plant ages 
(Rajaram, et al 1971).
Experiment 1. indicated that the period of growth over which 
seedling resistance was expressed was different for different plant 
lines. Briggle and Scharen (1961) found that this also occurred with 
resistance to ErMSiphe graminis tritici in sane wheat cultivars and 
depended on the culture of powdery mildew used.
There were indications that groundsel lines which tended to be 
highly susceptible to most isolates at maturity, eg lines 8a and 8g, 
tended to be less susceptible during the seedling stage. Observations 
in the field reported in Chapter 8 also indicated that in general, 
seedlings are less susceptible than adults. It is possible that low 
seedling susceptibility together with low levels of mildew inoculum in 
spring and early summer interact to minimize damage to young seedlings
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and prevent a severe epidemic before the groundsel seeds.
Experiment 2. indicated that incubation temperature could affect 
host susceptibility and that this was often age dependent. This is 
known to occur in some wheat cultivars with race specific resistance 
to Puccinia recondita (Rajaram et al. 1971., Dyck and Johnson, 1983). 
The performance of mildew isolates was also temperature dependent but 
specific to certain plant lines. Different isolates were affected 
differently by temperature. Generally, the optimum temperature for 
the growth of mildew was 15°C but isolate G11 grew better at 10°C than 
at the ;K\oJr\er* temperatures.
It seems likely that environmental conditions play an important 
part in the expression of resistance to powdery mildew in natural 
populations of groundsel. Heather and Chandrashekar (1982a,b) found 
that temperature and light intensities affected the resistance of 
Populus spp to Melamspora leaf rust. They postulated that 
environmental factors played an important role in wild host-parasite 
interactions. If resistance genes only operate under certain 
environmental conditions, then the period of time the genes impose 
selection on the pathogen for virulence to those particular genes is 
also limited and the build up of races virulent for those resistance 
genes would be reduced. Kulkami and Chopra (1982.) also found that 
environment played an important part in the outcome of different host 
and pathogen combinations. As mentioned previously, differential 
effects of environment on pathogen and host genotypes can cause 
reaction patterns to appear race specific. They also supported the 
hypothesis that environmentally sensitive genes in race specific 
pathosystems may lead to greater durability of resistance which could 
help to explain the stability of resistance in natural plant 
pathosystems.
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3.5 Conclusions from experiments 1_ and 2.
The main conclusions of these experiments in relation to the testing 
of groundsel with mildew isolates in further experiments were:
1. Old leaves should not be used.
2. The tests should be incubated at 15°C or above when testing adult 
plants.
3. The plant lines should be tested at the same stage of growth, 
normally at about 46 days after sowing when the plants have a 
plentiful supply of leaves in a suitable state for testing.
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4.0 CHARACTERIZATION OF MILDEW ISOLATES.
4.1 Introduction.
Harry (1980), and Harry and Clarke (1986) found the differential 
reactions between the groundsel lines and mildew isolates they 
investigated indicative of the operation of a 'gene-for-gene' 
relationship. Investigations on the inheritance of resistance in sane 
groundsel lines by Harry (1980) showed that in most cases response to 
mildew was regulated by genes at a single locus with resistance 
dominant to susceptibility. Inheritance studies were not carried out 
with the fungus as a sexual stage is not known in Britain.
The gene-for-gene hypothesis was proposed and first described in 
detail by Flor (1956). The hypothesis was based on work reported in 
several papers (including Flor 1935, 1942, 1946, 1947) on the flax 
(Linum usitatissimum) and flax rust (Melampsora lini). The 
inheritance of resistance in several host varieties and avirulence in 
several pathogen races was studied simultaneously. For example, Flor 
(1947) crossed the variety Ottawa, which was susceptible to race 22 
but resistant to race 24 of the flax rust, with Bombay, which was 
resistant to race 22 but susceptible to race 24. At the same time he 
crossed races 22 and 24. All the F1 progeny from the Ottawa x Bombay 
cross were resistant to both race 22 and 24. On selfing, the F2 
segregated with an approximate ratio of 9:3:3:1. That is 9/16 were 
resistant to both races, 3/16 were resistant to race 22 but 
susceptible to race 24, 3/16 were resistant to race 24 but susceptible 
to race 22, and 1/16 were susceptible to both races.
The cross between the rust races 22 and 24 produced an F1 that 
was avirulent on both Ottawa and Bombay. The F2 segregated giving
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ratios of 9/16 avirulent on both varieties, 3/16 virulent on Ottawa 
but not on Bombay, 3/16 virulent on Bombay but not on Ottawa, and 1/16 
were virulent on both varieties.
Flor (1956) concluded that resistance in each variety to the 
respective rust races was dominant and that resistance to each race 
was inherited at a single but separate locus. Virulence was recessive 
and also controlled by a single locus. The resui-fcs. _ showed that 
resistance in each variety and avirulence in each race was conditioned 
by pairs of complementary genes. Fran these results and those of many 
other crosses, Flor proposed the gene-for-gene hypothesis (1956) which 
states:
'For each gene conditioning rust reaction in the host there is a 
specific gene conditioning pathogenicity in the parasite'.
The work of Flor stimulated the study of inheritance of 
resistance and susceptibility in many pathosystems. These include the 
Lactuca sativa/Bremia lactucae (Crute and Johnson, 1976, and Norwood 
and Crute, 1984) and the Hordeum vulgare/Erysiphe graminis hordei 
(Moseman, 1957) pathosystems.
It is not always possible to carry out inheritance studies with 
both the host and the pathogen. Person (1959) proposed a model, later 
reviewed by Robinson (1976), whereby a gene-for-gene relationship can 
be inferred in the absence.. of inheritance studies in host or 
pathogen. Person studied the mathematical properties of a theoretical 
model parasitic system involving a gene-for-gene relationship. He 
concluded that if the reaction patterns produced by the reactions 
between several host and pathogen phenotypes in another pathosystem 
had the same mathematical properties as his model, then it followed 
that the pathosystem under study must also involve a 'gene-for-gene' 
relationship. On the basis of this model many other pathosystems
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demonstrate 'gene-for-gene' relationships. For example, Bettencourt 
and Noronha-Wagner (1967) demonstrated that a gene-for-gene 
relationship occurred in the Coffea arabica/Hemileia vastatrix 
pathosystem, where a sexual stage in the pathogen is unknown.
The aims of the work in the present chapter were to determine the 
virulence phenotypes of several mildew isolates collected at two 
locations. Isolates known to be of different virulence phenotype 
would be more likely to distinguish different resistance phenotypes in 
the groundsel populations to be examined in work reported in Chapter 
7. However, it was also desirable to obtain information on the 
structure of the mildew poulation, that is, which virulence phenotypes 
were common in the mildew population, and whether there were any 
differences between the mildew populations from Glasgow and the 
N.V.R.S. Harry (1980) found that all the mildew isolates she 
investigated were complex, having virulence for all but one of the 
resistance factors she identified. The majority ie. 8 out of 9 
isolates Harry studied, had unique virulence phenotypes. This 
suggested that there might be a large number of phenotypes in the 
pathogen population. However, Harry's method of isolate collection 
was to obtain most isolates from plant lines already known to possess 
resistance to one or more of the previously tested isolates. This 
would probably ensure that the isolates were of different phenotype 
and also to be complex for virulence. Isolates collected in this way 
would not necessarily be a representative or random sample of the total 
population. All the mi/ dew isolates collected by Harry were from 
Glasgow, so they could be considered to be components of the same 
population.
The isolates obtained in the present study were taken randomly 
from groundsel plants of completely unknown resistance phenotype. It 
was hoped that these isolates would be representative of the two
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mildew populations at Glasgow and N.V.R.S. so that a comparison 
between the two mildew populations could be made.
4.2. Materials and methods.
Twelve single conidial chain isolates from the N.V.R.S (N1 to N12) 
collected in 1983 and twelve from Glasgow (G1 to G12) collected in 
1984, were obtained and maintained as described in Chapter 2. Each 
isolate was tested on leaf segments from the 50 inbred groundsel 
lines. Plants of the same line were assumed to have similar 
resistance phenotypes so that two or three plants of each line could 
be grown up for each batch of testing.
The two populations of isolates were tested on separate 
occasions the N.V.R.S. isolates were tested on the plant lines using 
N.V.R.S facilities, whilst the Glasgow isolates were tested at 
Glasgow. Wherever possible, different isolates were tested on all the 
50 lines, on different, but consecutive days to avoid cross 
contamination.
Where a plant line/isolate test gave a completely resistant or 
inconsistent low infection type, the test was repeated using leaves 
from the same plant. For this second test the plants were 8 to 9 
weeks old.
4.3. Results.
The infection types 0, 1, 2-, 2+, 3 and 4 were transformed for the 
purposes of analysis toO, 1, 1.5, 2.5, 3 and 4. The mean infection 
score for each isolate/ plant line pair was calculated for all 24 
isolates and 50 plant lines tested, and the results are given in 
Appendix Tables 4.1 and 4.2.
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4.3.1. The determination of resistance and susceptibility.
The mean scores were divided into classes within limits of 0.2 units 
and the frequencies of each mean score class are plotted in Fig 4.1. 
The least frequent mean infection score fell between the limits of 0.4 
and 0.6. The trough in infection scores between these limits was 
quite prominent, indicating that the infection scores fall into two 
groups. A mean infection score of 0.6 or less was considered to 
reflect a resistant reaction, whilst mean scores above 0.6 were taken 
to reflect increasing degrees of susceptibility.
4.3.2. Characterization of different mildew races and plant line 
phenotypes.
Table 4.1 gives the results of all 24 isolate/ plant line 
compatibility tests categorised into resistant and susceptible 
reactions. Eighteen of the mildew isolates (nine of the Glasgow 
isolates: G1, G2, G6, G7, G8, G9, G10, G11 and G12, and nine of the 
N.V.R.S. isolates: N1, N2, N4, N5, N6, N7, N8, N9 and N11) and 21 of 
the plant lines were dL^ fereot.-fron eacKdhej- and their reactions are given 
in Table 4.2. Only one of the Glasgow isolates (G8) had a phenotype 
similar to one of the N.V.R.S. isolates (N3). None of the 18 isolates 
had a phenotype similar to any found by Harry (1980). This indicates 
that the number of different mildew isolates in each area is likely to 
be high.
The reactions summarized in Table 4.2 confirm the presence of 
race specific resistance in the pathosystem. Specific resistance 
factors may be postulated and assigned to the plant lines. Likewise 
the corresponding avirulence factors may be assigned to the mildew 
isolates. Plant lines with resistance to isolate G1 are allocated 
resistance factor 1, plant lines resistant to isolate G2 are allocated
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Table 4.1 Compatibility of each groundsel line with each isolate
Plant Isolate
Line G G G G G G G G G G G G N N N N N N N N N N N N
1 2 3 4 5 6 7 8 9 10 11 12 1 2 3 4 5 6 7 8 9 10 11 12
lc + R + + + + + + + + ' + + + + + + + + + + + + + +
le - + + + + + + + + + + + + + + + + + + + + + + + +
If + + + + + + + + + + + + R + + + + + + + + + + +
ig + + + + + + + + + + + + + + + + + + + + + + + +
lh + + + + + + + + + + + + + + + + + + + + + + R +
li + + + + + + + + + + + + + + + + + + + + + + +
lm + + + + + + + + + + + + + + + R + + + + + + + +
In + + + + + + + + + + + + + + + + + + + + + + + +
lp + + + + + + + + + + + + + + + + + + + + + + R +
Is + + + + + + -r + + + + + + + + + + + + + + + + +
2a + + + + + + + + + + + + + + + + + + + + + + + +
2d + + + + + + + + + + + + + + + + + + + + + + + +
2e + + + + + + + + + + + R + + + + + + + + + + + +
2i R R R R R R R R R R R R R R R R R R R R R R R R
3f + R + + + + + + + + + R + + + R + + + + + + R +
3g + + + + + + + + + + + R + + . + + + + + + + + + +
4a R R + + + + + + + + + + + + + + + + R + + + R +
4h R R R + + R R + R + + R R R + + + + + R + R R R
5a + + + + + + + + R + + + + + + + + + + + + + + +
6b R R R R R R R R R R R R R R R R R R R R R R R R
6d R + + + + + + + R + + R + + + + + + + + + + + +
6f + R + + + + + + + + + + + + R + + R + + + R +
7a + + + + + + + + + + + + + + + + + + + + + + + +
7b R R R R R R R R R R R R R R R R R R R R R R R R
7c + + + + + + + + + + + + + + + + + + + + + + R +
7d R R R R R + R R + R R + R R R R R R R R R R R R
7f + + + + + + + + + + + + + + ' + + + + + •+ + + + +
8a + + + + + + + + + + + + + + + + + + + + + + + +
8g + + + + + + + + + + + + + + + + + + + + . + + + +
9a R R R R R R R R R R R R R R R R R R R R R R R R
9c R R R R R + R R + R R + R R R R R R R R R R R R
9d R R R R R + R R + R R R R R R R R R R R R R R R
9g + R R R + R R + R R + R R R + R R + R R R R + R
lOj + + + + *1* + + + + + + + R R + R R R R R R R R R
11a + + + + + + + + + + + + + + + + + + + + + + + +
lie + + + + + + + + + + + + + + + + + + + + + + + +
H i R R R R R + R + + R R + R + + + + R R R R R + R
14h R R R R R R R R R R R R R R R R R R R R R R R R
15c + + + + + + + + + - + + + + + + + + + + + + + + +
15 j + + + + + + + + + + + + + + + + + + + + +. + + +
16d + + + + + + + + + + + + + + + + + + + + + + + +
16f R R R R R R R R R R R R R R R R R R R R R R R R
17h + + + + + + + + + + + R + + + + + + + + + + + +
18i + + + + + + + + + + + + + + + + + + + + + + + +
19b + + + + + + + + + + + + + + + + + + + + R + + +
23f + + + + + + + + R + + + + + + + + + + + + + + +
23g + + + + + + + + + + + + + + + + + + + + + + + +
23i + + + + + + + + + + + + + + + + + + + + + + + +
24f R + + + + + + + + + + + + + + + + + + + + + + +
24j + + + + + + + + + + + + + + + + + + + + + + + +
R = Resistant 
+ = Susceptible
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TABLE 4.2. The phenotypes of the unique isolates and plant lines. 
R = Resistant (Mean infection score 0.6 or less)
+ = Susceptible.
ISOLATE
PLANT G G G G G G G G G N N N N N N N N N
LINE 1 2 6 7 8 9 10 11 12 1 2 4 5 6 7 8 9 11
1c + R + + 4- 4- 4- 4- 4- 4- 4- 4- 4- 4* 4- 4- 4- 4-
1e + + + + 4- 4- 4- 4- 4- 4- 4- 4- 4* 4- 4- 4- 4- 4-
1f + + + + 4- 4- 4- 4- 4- R 4- 4- 4- 4- 4- 4- 4- 4-
1m + + + + 4- 4- 4- 4- + 4- 4- R 4- 4- 4- 4- 4- 4-
1p + + + + 4- 4- 4- 4- •f 4- 4- 4- 4- 4- 4- 4- + R
3f + R + + 4- 4- 4- 4- R 4- 4- R 4" 4- 4- 4- 4- R
3g + + + 4* 4- 4- 4" 4* R + 4- 4- 4- 4- 4- 4- 4- 4-
4a R R + 4- 4- 4- 4- 4- + + 4- 4- 4- 4- R 4- 4- 4-
4h R R R R 4- R 4- 4- R R R 4- 4- 4- 4- R 4* R
5a R + + 4- 4- R 4- 4- + 4- 4- 4- 4- 4- 4- 4- 4" 4-
6b R R R R R R R R R R R R R R R R R R
6d R + 4- 4- 4- R 4- 4- R 4- 4- 4- 4* 4- 4- 4- 4- 4-
6f + R + 4- 4- 4- 4- 4- + 4- 4- R 4- 4- R 4- 4- R
7d R R 4- R R 4- R R + R R R R R R R R R
9d R R + R R 4- R R R R R R R R R R R R
9g + R R R 4- R R 4- R R R R R 4- R R R 4*
10j + + + 4- 4- 4- 4- 4- + R R R R R R R R R
11 i R R + R 4- + R R + R 4- 4- 4- R R R R 4-
19b + + + 4- 4- + 4- 4- + 4- 4- 4- 4- 4- 4- 4- R 4-
23f + R + 4- 4- R 4- 4- + 4- 4- 4- 4- + 4- 4- 4- 4-
24f R + + 4- 4- 4- 4* 4- + 4- 4- 4- 4- 4- 4- 4- 4- 4-
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resistance factor 2, and so on. In this way the resistance phenotypes 
of the lines to the various isolates may easily be described as in 
Table 4.3. The reaction patterns are indicative of a 'gene-for-gene' 
relationship (Person, 1959). However, a genetical analysis was not 
carried out to determine if each factor was controlled by a single 
gene.
4.3.3. A possible 14 gene model to explain the data 
It is possible to develop gene models to fit the data on the 
assumption that a 'gene-for-gene' system is operating. The following 
14 gene model was derived with the aid of a computer program developed 
by Sutherland (1986) at the N.V.R.S.
Plant lines which are resistant solely to a single isolate 
identify unique single factors that may be controlled by a minimum of 
one gene for resistance, and that this is matched by a minimum of one 
avirulence gene in the mildew. In Table 4.2 it can be seen that 
plant lines 1c, 1f, 1m, 1p, 3g, 19b and 24f, each show resistance to 
only one isolate, indicating that 7 different resistance genes 
(labelled R1 to R7) and 7 matching avirulence genes (A1 to A7) are 
required to explain the reactions. Removing the reactions that can be 
explained by resistance genes R1 to R7 leaves Table 4.4 consisting of 
the, as yet, unexplained reactions. From Table 4.4 it can be seen 
that plant lines 5a and 4a possess resistance reactions that can be 
explained by the action of two more resistance genes: R8 and R9, with 
their matching avirulence genes: A8 and A9. The reactions explained 
by these two genes can then be eliminated to leave the reactions given 
in Table 4.5.
Plant line 6b is resistant to every isolate and so its reaction 
may either be determined by the action of several genes or, one gene 
for which all the isolates have matching avirulence. It is possible
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TABLE 4.3. Resistance factors
1 = Resistance to isolate G1
2 = ii " " G2
3 = ii " " G6
4 = ti ii ii G7
5 = ii " 11 G8
6 = ii ’» » G9
7 = ii ii ii G10
8 = ii ii ii G11
9 = ii ii ti G12
Plant line Resistance factors
1c 2
1e None
1f 10
ig None
1h 18
1i None
1m 12
1n 18
1s None
2a None
2d None
2e 9
2i 1,2,3,4,5,6,7,8,9
3f 2,9,12,18
3g 9
4a 1,2,15,18
4h 1,2,3,4,6,9,11,16
5a 1,6
6b 1,2,3,4,5,6,7,8,9
6d 1,6,9
6f None
7b 1,2,3,4,5,6,7,8,9
7c 18
7d 1,2,4,5,7,8,10,11
7f None
8a None
8g None
9a 1,2,3,4,5,6,7,8,9
9c 1,2,4,5,7,8,10,11
9d 1,2,3,4,6,7,9,10,
9g 2,3,4,6,7,9,10,11
10j 10,11,12,13,14,15
11a None
11e None
11 i 1,2,4,7,8,10,14,1
14b 1,2,3,4,5,6,7,8,9
15c None
15 j None
16d None
16f 1,2,3,4,5,6,7,8,9
17h 9
18i None
19b 17
23f 6
23g None
23i None
24f 1
24 j None
10= Resistance to isolate N1 
11= Resistance to isolate N2 
12= Resistance to isolate N4 
13= Resistance to isolate N5 
14= Resistance to isolate N6 
15= Resistance to isolate N7 
16= Resistance to isolate N8 
17= Resistance to isolate N9 
18= Resistance to isolate N11
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TABLE 4.4. Reactions remaining when resistance t 
accounted for.
Plant
line
Isolate 
G6 G7 G8 G9 G10 G11 N2 N5 N6 N7 N8
4a R
4h R R R R R
5a R
6b R R R R R R R R R R R
6d R
6f R
7d R R R R R R R R R
9d R R R R R R R R R
9g R R R R R R R R
10j R R R R R
11 i R R R R R R
23f R
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TABLE 4.5. Reactions remaining after resistance to genes 1 to 9 
accounted for.
Plant
line
Isolate, 
G6 G7 G8 G10 G11 N2 N5 N6 N8
4h R R R R
6b R R R R R R R R R
7d R R R R R R R R
9g R R R R R R
10j R R R R
11 i R R R R R
TABLE 4.6. Simplified version of Table 4.5 to show that 5 genes are 
required to explain the remaining resistant reactions.
Plant line Isolate
G6 G8 G10 G11 N6
4h R
Id  R R R R
9g R
10j R
11i R R R
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that plant line 6b has the genes of plant lines 4h and 7d as it gave a 
resistant reaction where one or both of these plant lines also gave a 
resistant reaction.
It is difficult to see immediately from Table 4.5 how many more 
genes are needed to explain the remaining reactions, but the computer 
analysis (Sutherland, 1986) revealed that a minimum of five more genes 
•is . probably required. Table 4.6 gives a simpified version of the 
reactions produced by the 5 additional genes and it can be seen that 5 
genes do adequately explain the reactions.
Table 4.7 represents the complete 14 gene model, with the 
resistance and avirulence genes assigned to the appropriate plant 
lines and isolates.
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4.4. Discussion
The proposed gene model estimated that a minimum of 14 genes were
required to explain the phenotypes of the 21 different plant lines and
1418 isolates. Fourteen genes can give rise to 2 or 16,384 different
resistance or virulence phenotypes. The potential variability in the
pathosystem is enormous. Harry (1980) concluded that eight genes
determined the reaction patterns of the host lines and isolates she
worked with. Genes identified by Harry did not appear to be the same
as any of the genes proposed in the isolates used in the present
study. We may then assume that at least 22 genes have been identified
22in the pathosystem, which may give rise to 2 or 4,194,304 possible 
phenotypes.
The number of genes identified only represents the minimum number 
of genes involved. The number of genes detected depends on the 
particular isolates and plant lines used for testing. More than one 
gene may be involved in conferring resistance or avirulence reactions 
that appear to be produced by only one gene. Modifier genes such as 
those found by Johnson and Law (1967) which increase or decrease the 
effects of resistance genes in wheat varieties Hope and Chinese spring 
to Puccinia graminis tritici may be operating in the system. The 
modifier genes may mask resistance or virulence genes or make it 
appear that more genes are operating than is really the case.
The 14 gene model presented in Table 4.7 shows that all the 
isolates are complex as far as virulence is concerned, having several 
virulence genes. Harry (1980) also found this to be so, however, all 
eight of her isolates had only one avirulence gene. This is not 
necessarily the case in the present study. Twelve of the 18 dfffererit 
isolates did appear to have only one avirulence gene but the remaining
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isolates were postulated to possess 2, 3, 4 and up to 5 avirulence 
genes. Since each isolate appears to have relatively few avirulence 
genes in comparison to virulence genes, it is tempting to postulate 
that avirulence genes in the pathogen recognise resistance genes in 
the host and thereby elicits a resistant reaction. Ellingboe :
(1982), on the basis of his studies on the interactions between 
Erysiphe graminis hordei and barley genotypes, together with evidence 
from other pathosystems, concluded that the simplest and most probable 
explanation of the gene-for-gene relationship is that recognition 
occurs;, between avirulence and resistance genes to elicit a resistant 
reaction.
In cereal crop/ powdery mildew pathosystems the frequency of 
recognised virulence genes tend to reflect the amount of usage of the 
appropriate resistant cultivars (Wolfe and Schwarzbach, 1978a). As the 
acreage of cultivars with combined resistance increases then so does 
the frequency of the corresponding complex virulence in the mildew. 
However, it has been noted, for example, that in the U.K. combined 
virulence for Mlg and Mias genes in Erysiphe graminis hordei 
populations did not increase as quickly as expected (Wolfe and 
Schwarzbach, 1978b). Likewise combined virulence for resistance genes 
Mias and Mla4/7 in European barley powdery mildew populations occurred 
with low frequency. These races with combined virulence tended not to 
do well on Mias or Mla4/7 cultivars.
In graminis avenae populations, the evolution of complex 
resistance has been rapid in the U.K. This may be a reflection of the 
relatively low acceage of oats grown in the U.K. and likewise the oat 
powdery mildew population would also tend to be small. Consequently, 
there is more likely to be selection for complex virulence, providing 
the pathogen with the necessary genes for colonization of several 
cultivars, thereby ensuring its survival (Wolfe and Schwarzbach,
1978b). In barley the acreage grown is much greater, therefore there 
may be a greater selective advantage for adaptation in the pathogen to 
particular cultivars that do not necessarily have combined resistance.
The acreage of particular cereal varieties grown will effect the 
frequency of various virulence phenotypes in the pathogen. In some 
pathosystems, one particular race of the pathogen becomes far more 
common than any other. For example race 56 of Puccinia graminis 
tritici was found to constitute 97% of the stem rust population, in 
Kansas, U.S.A., in some years (Browder, 1966). This is not always the 
case in crop pathosystems. Wolfe and Schwarzbach (1978b) cited an
3
example where 18 m of air were trapped in Germany. Eight isolates 
were obtained from the air sample, all of which were unique. In 
general, the cereal powdery mildew population in the atmosphere is 
thought to be highly heterogeneous. Only a small proportion of spores 
(0.1% was estimated by Gregory, 1973) actually get dispersed into the 
air. Once in the atmosphere, spores from different sources are likely 
to be thoroughly mixed. In cumulus clouds the spores are held under 
suitable conditions to remain viable for long periods of time and may 
be transported large distances (Hirst et al, 1967). Kerroaresn and 
Wiberg, (1972) have found evidence that powdery mildew conidia from 
Europe and the U.K were responsible for outbreaks of powdery mildew in 
Denmark. Wolfe and Schwarzbach (1978) found that the the virulence 
composition of barley powdery mildew in Germany did not significantly 
differ in virulence composition between sampling sites over 100 km 
apart. However, this was referring to the total virulence in the 
population since bulk populations of isolates were compared not 
individual isolates. In the U.K (Bennett and van , 1983) found
the frequency of various virulence types of wheat powdery mildew 
tended to vary from region to region. This was probably a reflection 
of the particular wheat varieties grown in those regions. The
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frequency of pathogen races with complex virulence has a tendency to 
increase as the acreage of varieties possessing the corresponding 
resistance genes in combination increases. This has led' to fears 
that 1 super races1, possessing virulence to every resistance gene in 
the host, may develop.
The mode of reproduction of the pathogen may have a profound 
effect on the variability and race structure of the pathogen 
population. Roelfs and Groth (1980) studie^velint^hsn/e^ the virulence 
of two populations of Puccinia graminis tritici with respect to 16 
virulence loci. One stem rust population was predominantly the result 
of asexual reproduction, whereas the second1 had the opportunity of 
reproducing sexually as the alternate host 'barberry' (Berberis 
vulgaris) had not been eradicated from the area. In the asexual 
population, 2,377 isolates were studiedWonly 17 different phenotypes 
with respect to the 16 virulence loci were detected. In the sexual 
population, there appeared to be greater variability, 100 different 
phenotypes were detected in the 426 isolates tested. The asexually 
produced groundsel powdery mildew population was far more variable 
than that of the asexually produced stem rust population. All the 
isolates from the asexually produced stem rust population were 
complex, the majority having about 10 of the virulence genes. None of 
the races had less than 5 virulence genes. This is thought to be a 
reflection of the matching cesasbaoce genes that were common in the 
wheat varieties grown in the sampling area.. This also demonstrates 
that asexual populations can rapidly accumulate virulence genes. 
Unnecessary virulence genes, matching resistance gene combinations not 
grown in the areas sampled, occurred in both asexual and sexual 
populations of stem rust. This was a little suprising in the sexual 
population since one would expect selection against
unnecessary virulence genes when they can become singly exposed after
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recombination. In the asexual population unnecessary virulence genes 
may remain longer because there is selection for the genotype as a 
whole which may also carry necessary virulence.
The frequencies of various virulence genes were approximately 
random in the sexually produced stem rust population. Only phenotypes 
carrying many or very few virulence genes were rarer than expected.
In the asexual population certain gene combinations were more frequent 
than expected, suggesting that these genotypes had a selective 
advantage.
The composition of pathogen populations that colonize wild hosts 
has been little studied. Dinoor (1977 )four^ hatbrvs population of oat 
crown rust colonizing wild oats was highly heterogeneous. Over 3 
years, 91 different races were collected. These races were also 
capable of colonizing oat crop cultivars so the results may have been 
biased by a large build up of particular races on certain crop 
cultivars.
In a more natural situation, as in the groundsel/mildew 
pathosystem, the host is far more heterogeneous than in the crop 
situation and this is certainly reflected in the pathogen population. 
Eighteen out of 24 isolates were found to be cl'Pf-ererft. Some isolates 
were similar ie G3 = G7, G4 = G10, G5 = G11, N8 = N10 and N12, and G8 
= N3. This suggested that although the population was highly 
heterogeneous some mildew isolates may be more common in the 
population. However, the large number of possible phenotypes makes it 
difficult to say whether this is really so, since suitable groundsel 
' lines that distinguish these isolates may not have been tested.
The large number of phenotypes detected also made it difficult to 
compare the Glasgow and N.V.R.S mildew populations. Only one isolate 
phenotype ie N3 and G8 was common to both populations. One could say 
that as all the other isolates were different, then the two
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populations cocre different. However, with the large number of 
phenotypes possible it is just as likely that as many different 
isolates would be collected from one mildew population.
The large number of different phenotypes in the mildew population 
and the fact that the isolates tend to be complex suggests that 
selection in the pathogen has been for each isolate to be able to 
colonize the majority of the groundsel plants. Only 25% of the 
possible 900 reactions between the 18 unique isolates and 50 groundsel 
lines were resistant. It must be borne in mind that the 50 inbred 
groundsel lines were deliberately chosen for testing as they possessed 
a high proportion of individuals that were resistant to Harry's 
isolates and they were collected from all around the U.K, so that 
pathogen and host would not necessarily be adapted to each other.
Although the isolates are complex, there appears to be no 
evidence of the presence of a super race capable of overcoming every 
gene for resistance in the host. If a super race does exist then it 
does not seem to have any great selective advantage or it would have 
been detected in the mildew isolates collected or at least have become 
apparent on the 'trap' groundsel lines discussed in Chapter 5.
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5.0, MONITORING THE MILDEW POPULATION AT N.V.R.S.
5.1. Introduction.
The most extensive studies of virulence phenotypes in pathogen
populations have been carried out on pathogens of cereal crops. Most
of these studies have taken the form of race surveys to detect
virulence phenotypes which may be a potential threat to resistant
vlruWnce-
varieties of the host. The U.K. cereal pathogen survey is carried out
r
annually on a range of cereal pathogens including mildews and rusts. 
Quantifying the results of such surveys :\sa difficult as the races 
detected and their frequencies are dependent upon the chosen sampling 
method.
Collections from scattered localities and cultivars approach the 
most representative samples of a pathogen population (Jeger and 
Groth, 1985). However, even these collections may be biased. There 
may be a tendency for certain pathogen virulence phenotypes to be 
detected more often than they really occur in the pathogen population 
if collections are only made from certain cultivars and not all the 
cultivars grown in the region are-sampled, proportionately.
Other sampling methods involve collections of the pathogen of 
interest from cultivars containing specific resistance phenotypes, 
often referred to as 'trap cultivars1. Obviously, only those races 
that are capable of colonizing the trap cultivars will be detected. 
Browder (1966) found using itrdpg c’ulti a^rstthatrs, the frequencies of 
sane races of Puccinia graminis tritici were significantly different 
from those determined using more randan methods of isolate collection. 
Generally 'trap cultivars' tend to detect matching virulence using 
smaller sample sizes than are found in randan samples, so, they are
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useful for detecting rarer virulence phenotypes. The static nurseries 
of small plots of trap cultivars used by Priestley (1978) had the 
advantage that they sampled the pathogen population for a long period 
of time and at all stages of development of the host. Mobile 
nurseries of seedlings of relevant differential lines used by Eyal et 
al (1973) were useful as they could be used for short periods of time 
but repeatedly over a season to see how the pathogen population 
changed. Schwarzbach (1979) developed a method whereby a spore trap 
was used for collecting large volumes of air directly on /to host leaves 
which could then be incubated under standard environnervlal conditions, 
making it easier to quantify results. Race collections may be 
quantified by, for example, counting the numbers of lesions on the 
trap cultivar leaves in comparison to lesions on cultivars thought to 
be susceptible to every race. However, differences in leaf tissue 
surface area, plant architecture and age may introduce inaccuracies 
(Jeger and Groth, 1985).
For this work it was decided that it would be desirable to 
determine whether the mildew isolates collected randomly (i,e. the 
isolates assessed in Chapter 4) were in fact representative of the 
most common isolates in the population. Small 'trapping nurseries', 
using one plant of each of ten lines known to have a range of 
resistance phenotypes were exposed to the natural population of mildew 
at N.V.R.S. The nurseries were replaced every month to observe any 
changes in the population over a period of time. It was also hoped 
that the nurseries would detect any virulence in the population 
capable of colonizing the plant lines previously thought to have 
resistance to all isolates. By collecting the mildew from the 
resistant lines and testing it on other lines more could be learnt 
about the rarer virulence phenotypes.
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5.2 Experiment 1. Mildew 'trapping'.
5.2.1. Materials and methods.
Groundsel lines 4h, 6b, 7b, 7d, 8a, 8g, 9a, 9c, 9g and 11i were grown 
as required in mildew free cabinets. When the plants were about five 
weeks old, one plant from each plant line was placed in a polythene 
tunnel. It had been noted that powdery mildew developed more 
frequently on plants kept in glasshouses or polythene tunnels than 
those that were kept in the open. The plants were replaced at monthly 
intervals from January 11th 1984 until December 8th 1984. The old 
plants were discarded before the fresh set eyas placed in the tunnel. 
The flower heads were cut from the plants before they seeded to avoid 
contaminating the N.V.R.S. groundsel population. The side flaps of 
the polythene tunnel were kept open throughout, to allow free 
circulation of air and access for incoming mildew spores.
Eight leaf segments were cut from each plant line 2, 3 and 4 
weeks after the plants had been placed in the tunnel. The leaf 
segments were placed in Petri dishes on benzimidazole supplemented 
agar and incubated for 14 days at 15°C. The approximate percentage of 
leaf segment area colonized with mildew was recorded.
5.2.2. Results.
Mildew was not found on any groundsel at N.V.R.S. until August in 
1984. This late appearence was reflected by the fact that the 
groundsel in the polythene tunnel showed no signs of mildew infection 
until September. The mean percentage leaf area colonized by mildew on 
each plant line at each sampling period is given in Table 5.1.
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Table 5.1 Mean % le a f  a rea  c o lo n iz e d  on in c u b a te d  de tached  
le a v e s  fro m  ' t r a p '  g ro u n d se l l in e s
Plants Plant Number of weeks plants exposed 
first line 2wk 3wk 4wk
exposed
10. 9.84
8.10.84
8.11.84
Mean Se Mean Se Mean Se
4h 0.1 0.13 0.3 0.16 1.4 1.24
6b 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.1 0.13 0.0 0.00
7d 0.0 0.00 0.3 0.16 0.0 0.00
8a 5.6 3.05 12.0 7.23 19.0 7.09
8g 0.1 0.13 15.8 5.58 29.4 12.41
9a 0.0 0.00 0.3 0.16 0.1 0.13
9c 0.0 0.00 0.0 0.00 0.1 0.13
9g 0.0 0.00 0.0 0.00 0.0 0.00
lli 0.0 0.00 0.1 0.13 3.4 3.10
4h 1.9 1.87 6.3 6.25 8.1 4.11
6b 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00
8a 8.9 2.39 . 23.1 6.61 23.9 6.26
8g 0.0 0.00 0.0 0.00 17.6 7.34
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.1 0.13
lli 0.0 0.00 0.0 0.00 1.3 1.25
4h 0.0 0.00 0.0 0.00 0.0 0.00
6b 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00
8a 0.0 0.00 2.5 1.64 0.0 0.00
8g 0.0 0.00 0.0 0.00 0.0 0.00
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.0 0.00
lli 0.0 0.00 0.0 0.00 0.0 0.00
Se = S tandard  e r r o r
(o n ly  s e ts  o f  d a ta  fro m  sam p ling  d a te s  where m ildew  was d e te c te d  a re  
in c lu d e d )
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Plant lines 8a and 8g, previously found to be susceptible to all 
24 isolates, were the first to show relatively heavy levels of 
infection. Plant line 4h, previously found to be resistant to many 
but not all isolates, showed low levels of mildew infection at the 
same time. One week later plant lines 7b, 7d, 9a and 11 i started to 
show low levels of infection and a week later plant line 9c also 
succumbed to low levels of infection. These data suggest, as 
expected, that virulence to plant lines such as 8a and 8g is common in 
the mildew population, while virulence to plant lines previously found 
to be resistant to the 24 isolates is present but probably at a lower 
frequency.
In October there were indications that mildew was beginning to 
decline and components of the population with virulence for the more 
resistant plant lines were <Let^ ;^-Wssi.-of-]ke!rvi. Mildew capable of 
colonizing line 4h remained relatively abundant but by November only 
plant line 8a became infected. In December mildew was not detected on 
any of the groundsel lines and it was assumed that weather conditions 
were no longer conducive to conidial dispersal or germination and the 
study was terminated.
5.3. Experiment 2 Virulence in the mildew population.
5.3.1. Introduction.
Experiment 1 demonstrated that there were mildew races in the mildew 
population at N.V.R.S. capable of colonizing groundsel lines which 
were resistant to some or all of the 24 isolates G1 to G12 and N1 to 
N12 tested earlier. An experiment was designed to determine the 
virulence characteristics of the mildew population colonizing a
particular plant line. Also, it was hoped to determine whether plants
c
were colonized by one or several different races of mildew at any one 
period in time.
5.3.2. Materials and methods.
Tests were carried out whenever enough mildew inoculum could be 
obtained from any of the the plant lines of the previous investigation 
on the sampling dates, 1.10.84, 8.10.84, and 5.11.84. The plant lines 
were 8a and 8g (susceptible to all 24 isolates), 4h, 7d, and 11 i 
(resistant to sane of the isolates) and 6b, 7b and 9a (resistant to 
all 24 isolates). The inoculum collected from the 'trap lines' was 
tested on ten plant lines (4h, 6b, 7b, 7d, 8a, 8g, 9a, 9c, 9g and 
11 i). The population of conidia produced on the leaf segments from a 
particular plant line from a particular sampling date were gently 
dusted into a small clean Petri dish with a paint brush and mixed.
The conidia were then transferred, using the brush, on to six leaf 
segments from each of the 10 plant lines and incubated at 15°C for 9 
days. The infection scores 0, 1, 1.5, 2.5, 3 and 4 were recorded.
Some of the above tests produced abundant conidia and it was 
decided that some mildew populations would be examined in greater 
detail on the 50 inbred groundsel lines. The mildew populations fran 
all the sampling dates originating from each of the plant lines 8a,
8g, 7d and 9a were bulked together separately and used to inoculate 
the 50 inbred groundsel lines. Six leaf segments of each plant line 
were tested with each of the mildew populations and incubated as 
before.
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5.3.3, Results.
Only a few plant lines in Experiment 1. produced sufficient conidia to 
test ten plant lines. The mean infection scores produced on each of 
the 10 plant lines by each mildew population are given in Appendix 
Table 5.1. and Figs 5.1a-d and 5.2a-d.
The mildew populations from plant lines 8a and 8g were both 
similar in that they were capable of colonizing plant lines 4h, 8a,
8g, 9g and lli. However, mildew from plant line 8a was also found to 
colonize plant lines 7d and 9c at a low level indicating a slight 
difference between the two populations. Both populations were 
incapable of colonizing the plant lines 6b, 7b and 9a, which were 
resistant to all isolates studied previously. This suggests that 
mildew with virulence to lines 6b, 7b and 9a does not occur commonly 
on plant lines lacking the resistances present in these lines, 
probably due to a lack of adaptation.
The mildew populations from plant lines 7b and 7d were found to
be capable of colonizing all the other plant lines except 8g.
However, their mean infection scores on each plant line tended to be 
lower than the mean infection scores obtained with mildew populations 
from plant lines 8a and 8g suggesting that although they were capable 
of attacking most plant lines they were less aggressive. This 
hypothesis is also supported by the fact that although mildew found on 
resistant plants was capable of colonizing plant line 8a it was rarely 
detected on plant line 8a during the course of this experiment. The
results also indicate that plant line 8g shown earlier to be 
susceptible to all 24 mildew isolates, posssessed specific resistance 
to some mildew races and was therefore different fror\ line 8a.
Mildew from plant line 9a was also capable of colonizing all 10 
plant lines except for 8g, but tended to be just as aggressive as
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Fig 5-2a-d. Mean infection scores produced by each
mildew population on each plant line, continued.
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mildew from the susceptible lines indicating that not all mildew races 
capable of colonizing the resistant plants lack aggressiveness.
Mildew from plant line 4h was capable of colonizing all the plant 
lines except for line 9a. It is most probable that 4h supported a 
mixture of mildew races, including races with virulence to lines 8a 
and 8g, as well as races with virulence to lines with a phenotype 
similar to 6b and 7b. Since virulence to lines 6b, 7b, 7d, 9c and 11 i 
was not detected at every sampling date this indicates that the mildew 
population on line 4h was a mixture of races the composition of which 
changed with time.
The mildew found on plant line 11 i was capable of infecting all 
10 plant lines except 7b and 9g, but the results varied between two 
sampling dates, indicating that this was a mixed population 
particularly with respect to virulence on plant line 4h.
The mean infection score obtained for each bulked up mildew 
population originating from plant lines 8a, 8g, 7d and 9a on each of 
the 50 inbred groundsel lines is given in Table 5.X. The mildew 
populations from plant lines 8a and 8g were generally capable of 
colonizing all the plant lines except for some of those already found 
to possess resistance to all 24 isolates previously tested, eg plant 
lines 2i, 7b, 9a, 14b and 16f. The race composition of the two mildew 
populations was probably different since mildew from line 8a infected 
plant lines 3f, 6b, 7d and 9c whilst mildew from line 8g did not.
The mildew populations originating from plant lines 7d and 9a 
were found to be avirulent on several plant lines (eg 1e, 1n, 1s and 
7a), that were susceptible to all 24 of the isolates tested earlier. 
These plant lines, therefore, possess resistance to seme of the races 
thought to be rare in the mildew population.
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TABLE 5.2. The mean infection scores produced by the mildew 
populations from groundsel lines 7d, 8 a , 8g and 9a on the 50 inbred 
groundsel lines.
Origin of mildew population.
Plant line 7d 8a 8g 9a
1c 0.58 2.75 1.38 0.63
1e 0.00 4.00 3.25 0.00
1f 3.38 3.25 4.00 2.95
Ig 1.33 4.00 3.33 3.17
1h 2.00 3.25 1.50 1.92
1i 3.00 3.08 3.00 2.67
1m 0.00 0.58 3.58 0.00
1n 0.00 2.25 0.54 0.00
1p 4.00 2.67 4.00 3.83
1s 0.00 1.75 3.08 0.00
2a 3.58 4.00 2.00 3.50
2d 3.83 3.33 3.17 3.33
2e 0.67 2.00 1.50 1.92
2i 2.75 0.00 0.00 1.38
3f 0.67 1.17 0.50 1.67
3g 3.17 2.50 2.83 2.50
4a 1.63 2.92 1.83 1.75
4h 2.67 4.00 1.08 3.50
5a 2.17 2.42 3.25 1.50
6b 2.67 1.21 0.00 2.33
6d 0.00 4.00 2.42 0.00
6f 0.00 1.13 2.08 0.00
7a 0.00 4.00 2.25 0.00
7b 2.08 2.50 0.00 0.00
7c 3.00 3.75 2.75 2.83
7d 2.17 2.21 0.00 1.92
7f 0.00 3.83 2.21 0.00
8a 3.50 3.83 4.00 3.42
8g 0.00 3.83 2.83 0.25
9a 1.75 0.00 0.00 1.58
9c 3.33 3.75 0.08 3.58
9d 3.42 1.08 0.25 3.25
9g 0.38 0.25 0.33 0.00
10j 1.67 3.42 2.50 2.67
11a 2.42 2.50 3.17 2.83
11e 0.00 3.33 3.75 0.00
lli 4.00 2.75 0.33 4.00
14b 2.17 0.00 0.00 3.17
15c 3.83 4.00 2.42 3.83
15 j 2.25 3.50 2.25 4.00
16d 0.00 0.13 3.67 0.13
16f 2.50 0.00 0.00 2.83
17h 1.79 2.25 3.58 2.08
18i 2.50 3.08 3.00 2.33
19b 2.08 3.83 3.25 2.92
23f 0.75 2.75 2.50 1.21
23g 1.83 4.00 3.33 2.50
23i 1.33 3.83 1.58 2.13
24f 0.00 2.08 4.00 0.00
24 j 3.83 2.25 2.08 2.58
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5.4. Discussion.
A 'super race1 capable of colonizing all the groundsel lines was not 
detected using the 'trap groundsel lines'. Likewise a groundsel line 
with resistance to all the mildew isolates was not detected.
Groundsel lines thought to be resistant to all mildew isolates 
eventually succumbed to infection. Line 6bk showed no infection during 
the mildew 'trapping', but previous observations of natural mildew 
infections in glasshouses showed that there was mildew in the 
population capable of growing on 6b. The mildew traps detected mildew 
populations (or isolate mixtures) capable of colonizing plants thought 
to be resistant to all previously tested mildew isolates. However, 
these mildew populations were not capable of colonizing some lines 
that were previously thought to be susceptible to all isolates. These 
mildew populations were not as common on the lines thought to be 
highly susceptible to every isolate even though further tests showed 
that they were capable of colonizing and reproducing on those lines. 
This suggests the mildew populations from the resistant plants did not 
compete well with those populations normally occurring on the 
susceptible lines, indicating that some mildew isolates may become 
better adapted to sane groundsel plants than tojothers.
The two populations of mildew fran susceptible and mainly 
resistant plants appeared to be different with respect to virulence. 
Roelfs and Groth (1980) observed a similar situation in an asexually 
reproducing stem rust (Puccinia graminis tritici) population.
Virulence phenotypes tended to fall into certain groups of genetic 
similarity, separated fran each other by larger genetic differences. 
Effectively, two different stem rust genotypes,- either differed 
slightly when they were members of the same group, or differed greatly
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when they were members of different groups. This is to be expected 
where little or no recombination takes place between components of a 
population.
The evidence also suggests that the populations of mildew on the 
plants were composed of a mixture of races with different phenotypes 
and that the composition may change with time.
Harry (1980) was able to detect more resistance phenotypes in the 
groundsel lines than those detected by the isolate collections in 
Chapter 4. This was probably because her isolates were obtained from 
plants already known to have resistance and were more likely to be 
rare isolates, which seem to be capable of distinguishing additional 
resistance phenotypes. The evidence from Experiment 2, supports this 
hypothesis, since mildew fran the resistant lines 9a and 7d was able 
to detect resistance in lines previously thought to be susceptible to 
all isolates.
The mildew 'trapping' technique could be useful for rapidly 
detecting the presence of particular races of the pathogen, if 
suitable differential groundsel lines were available. This would 
provide a feasible way of carrying out further studies on the pathogen 
population; although it would have the disadvantage that the only races 
that could be detected would be those capable of colonizing the 
differential groundsel lines.
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6.0. EVIDENCE FOR PARTIAL RESISTANCE TO ERYSIPHE FISCHERI IN
GROUNDSEL.
6.1 Introduction.
During the early stages of this work it was observed that some 
groundsel line/isolate combinations produced relatively low infection 
types. The reactions were not classed as resistant because they 
produced a mean infection score above 0.6. However, they indicated 
sane degree of resistance since high scores of 3 or 4 in any 
particular test were rare. Relatively low levels of susceptibility 
have also been noted in some crop cultivars and the terms partial 
resistance or incomplete resistance have been applied. The 
characteristics of partial or incomplete resistance in groundsel to 
Erysiphe fischeri appeared to include the relatively slow production 
of fewer and smaller colonies in canparison with those produced in 
highly susceptible reactions. These characteristics are often 
observed where partial resistance occurs in crop cultivars. For 
example, the expression of partial resistance in the barley variety 
Vada to Puccinia hordei was reported to be characterized by the 
production of fewer and smaller rust pustules than those produced on 
highly susceptible varieties (Clifford and Clothier, 1974). The 
relatively high resistance of some wild relatives of oat to Erysiphe 
graminis avenae may also be attributed to the production of relatively 
small colonies (Carver and Carr, 1978). Partial resistance in sane 
oat cultivars was found to be characterisedb'^ a. longer latent period, a 
reduction in spore production and a reduced area of leaf colonised by 
powdery mildew (Jones, 1978).
Incomplete or partial resistance may play an important role in
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slowing down the development of an epidemic, and hence, contribute to 
the defence strategy of the host. Reduced sporulation rates, longer 
latent periods and fewer, smaller colonies contribute to a reduction 
in the rate of spread of an epidemic between and within plants 
(Parlevliet, 1979). Partial resistance has been utilized in some crop 
cultivars, and in some cases has been proved to be a highly useful and 
durable form of resistance. For example, the incomplete resistance of 
Cappelle-Desprez wheat to Puccinia striiformis has remained 
commercially useful for over 25yrs despite its widespread use 
(Johnson, 1983). The slow mildewing of Knox wheat to Erysiphe 
graminis tritici was still stable after 20yrs in 1973, (Shanner 1973a 
and b).
Partial resistance does not neccessarily confer stability. For 
instance, Joss Cambier possessed incomplete resistance to Puccinia
I-
striiformis but succumbed to an epidemic of yellow rust in 1971 and 
1972 (Johnson, 1983). Incomplete resistance is often assumed to be 
under polygenic control or to be race non specific? this does not 
necessarily have to be the case, the unstable partial resistance of 
Joss Cambier proved to be race specific according to Johnson and 
Taylor, (1972).
Incomplete resistance is comparatively harder to assess than the 
clear cut reactions associated with complete resistance, so that 
methods of assessment need to be quantitative. Tests need to be 
repeated several times to produce a reliable mean score and to check 
that reduced levels of susceptibility are not just the product of 
environmental conditions. Often partial resistance is only expressed 
in a host at a certain stage of development or under a particular set 
of environmental conditions.
Once the actual existence of partial resistance has been 
established it is even more difficult to determine whether it is race
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specific or race non-specific in nature. Where complete resistance is 
concerned, a race specific reaction is said to occur where one 
cultivar is resistant to a particular isolate while a second cultivar 
is susceptible to that isolate. The first cultivar is, however, 
capable of showing a susceptible reaction to another isolate. This 
has become known as a quadratic check, eg.
Isolate 1 Isolate 2 
Cultivar 1 +
Cultivar 2 + +
The arrangement known as a reciprocal check provides stronger evidence 
for the presence of race specific resistance, eg.
Isolate 1 Isolate 2 
Cultivar 1 +
Cultivar 2 +
Where - = incompatible or resistant reaction, and 
+ = compatible or susceptible reaction 
The same principle may be applied to demonstrate the existence of a 
Taceispecific: part i a.l ie interaction but an intermediate level of 
susceptibility replaces the completely resistant reaction.
Histograms of the infection scores produced with various isolates 
on particular cultivars may give a general picture of the type of 
resistance present in the host. Fig 6.1 represents the patterns 
produced where cultivars possess various levels of either race 
specific or race non-specific resistance. A complication arises where 
a plant line shows a combination of race specilie ^complete, race 
specific pariialj, crape ^  non-specific -complete and race, non-specific
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partial resistance. The histograms that may result fran 
different cominations of these resistance types can become difficult 
to interpret.
Where several isolates and host varieties are assessed an- 
analysis of variance may be applied to the data. A race specific 
relationship is said to occur where a significant cultivor x isolate 
variance ratio is obtained (Van der Plank, 1968). However, this may 
not necessarily be due to race specific effects. The data may need to 
be examined more closely. A significant cultivar x isolate variance 
ratio may be produced where cultivars show different levels of 
susceptibility to various isolates, but inf act retain the same ranking 
order, which is indicative of a race non-specific relationship. Fig 
6.5L shows a hypothetical example where the susceptibility of three 
cultivars 1, 2 and 3 show different levels of susceptibility to 5 
isolates A, B, C, D and E. The reactions could be interpreted as 
being indicative of a race specific relationship. Cultivar 1 may 
produce a highly susceptible reaction with isolate A or a highly 
resistant one with isolate C. However, cultivar 1 is always more 
susceptible than cultivars 2 or 3, there is constant ranking and, 
therefore, evidence of a race non-specific relationship.
Scott and Hollins (1977) studied the resistance of wheat to 
several isolates of Cercosporella herpotrichoides and came across this 
problem. Analysis of variance produced a significant cultivar x 
isolate interaction. However, on a close examination of the results 
many of the cultivar reactions were constantly ranked and some of the 
variation could be explained by environmental effects. Ranking the 
reactions of cultivars to various isolates may strengthen or weaken 
the evidence for race non-specific resistance. Spearmans ranking 
correlation coefficients (Parker, 1973) may be calculated to determine 
whether cultivars are constantly ranked. However, where infection
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Fig 6 • 2
Plant lines showing constant ranking but 
m a y  have a significant plant iine * isolate 
interaction.
1,2 and 3 = Plant lines
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scores are very similar whatever the isolate used, the test becomes 
inaccurate as scores may have very different rankings even though they 
are not '•■svcj,n\Ficont\^ - <\\Pfec€,cvV sfecx^ isb\ca-\\^  # Ordinarily one would 
not regard the reactions as being different.
A second way of examining the reactions of a set of cultivars to 
a set of isolates, is to make paired comparisons of the relative 
susceptibilities to the set of isolates of each plant line in all 
possible pairs. The reactions of each plant line are plotted against 
each of the others. For example, Figs 6.3a and 6.3b represent the 
patterns obtained where the reactions are constantly ranked ie race 
non-specific and where there is no constant ranking ie race specific. 
Where all the points lie below or above the diagonal line, constant 
ranking is observed. Where the points are scattered above and below 
the line, the ranking is not constant.
To determine the existence and degree of partial resistance in 
the groundsel/ powdery mildew pathosystem, the results of several 
repeated tests were examined to try to obtain a reliable mean 
infection score. Several of the groundsel lines originally used to 
differentiate the mildew isolates were used as controls in the testing 
of the N.V.R.S. and Glasgow groundsel populations (See Chapter 7). 
Thus, they were tested on numerous occasions with five N.V.R.S. and 
five Glasgow isolates. It was hoped that the control tests could be 
used to detect the presence and characteristics of partial resistance. 
The following experiment constitutes a more detailed analysis of a 
proportion of the control test results.
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Fig 6-3 a+b
Paired comparisons of plant line susceptibilities.
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6.2. Materials and methods.
The reactions of ten plant lines (4h, 6b, 7b, 7d, 8a, 8g, 9a, 9c, 9g 
and 11 i) to five isolates from Glasgow (G8, G9, G10, G11 and G12) were 
determined. Leaves from the plant lines were tested when the plants 
were about 6 weeks old and again when the plants were about 8 weeks 
old. The experiment was repeated on five separate occasions.
The reactions of an additional 10 lines (1m, 1n, 2a, 3f, 4a, 6d, 
6f, 9d, 10j and 19b) to five isolates from the N.V.R.S. (N1, N4, N5,
N7 and N11) were determined. Tests were carried out on leaves fran 
plants at 6 and 8 weeks of age on two occasions. A third test used 
the leaves from 8 week old plants only.
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6.3. Results.
The mean infection scores obtained with the five Glasgow isolates (G8, 
G9, G10, G11 and G12) and the five N.V.R.S. isolates (N1, N4, N5, N7 
and N11) are given in Appendix Table 6.1 and Table 6.2 respectively. 
For the purposes of analysis of variance the infection types 0, 1, 2-, 
2 + f 3 and 4 were transformed to 0, 1, 1.5, 2.5, 3 and 4 respectively. 
Initially analysis of variance was carried out separately on the data 
obtained from the two sets of isolates.
Table 6.1 gives the analysis of variance for the five Glasgow 
isolates. The variation between the replicate experiments was not 
significant, therefore, combining the results of the five experiments 
for analysis was justified. There was a significant difference 
between inoculation times indicating that 56 day old plants were 
significantly more susceptible than 42 day old plants, the total mean 
infection scores o)e're; 1.69 and 1.46 respectively.
There were significant differences between the mean infection 
scores of the different plant lines. This was to be expected since 
some plant lines were completely resistant to all five Glasgow 
isolates while others were very susceptible. The data were then 
analysed excluding the results from the completely resistant plant 
lines 6b, 7b and 9a, and this analysis of variance is given in Table 
6.2. The differences in susceptibility between the remaining plant 
lines were still found to be‘ significant. The mean infection scores 
for each plant line are given in Table 6.3.
A similar analysis was carried out on the data obtained with the 
five N.V.R.S. isolates (N1, N4, N5, N7 and N11) omitting those data 
from the plant lines 7b and 9a which were completely resistant to all 
the N.V.R.S. isolates. The analysis of variance is given in Table
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Table 6.1 Analysis of variance for the 5 Glasgow isolates on all
10 plant lines
Source of DF SS MS VR P
variation
Inoculation 1 19.04 19.04 18.46 NS
Inoc. Replicate 8 8.06 1.01 0.98 NS
Isolate 4 134.98 33.75 32.71 NS
Plant line 9 4383.23 487.03 472.10 0.001
Isolate, plant line 36 1402.96 38.97 37.78 0.001
Residual 441 454.95 1.03
Total 499 6403.21 12.83
Error between dishes 500 284.08 0.57
Error within dishes 2000 527.00 0.26
Grand Total 2999 7214.29
NS = Not significant DF = Degrees of freedom SS = Sums of squares 
MS = Mean square VR «= Variance ratio P « Probability
1K
Table 6.2 Analysis of variance using the 5 Glasgow isolates but
omitting lines 6b, 7b and 9a
Source of 
variation
DF SS MS VR P
Inoculation 1 27.89 27.89 19.31 NS
Inoc. Replicate 8 10.90 1.36 0.94 NS
Isolate 4 189.51 47.38 32.81 NS
Plant line 6 289.95 469.99 325.45 0.001
Isolate, plant line 24 1348.31 56.18 38.91 0.001
Residual 306 441.91 1.44
Total 349 4838.45 13.86
Error between dishes 350 282.58 0.81
Error within dishes 1400 525.50 0.38
Grand Total 2099 5646.54
Coefficient of variation = 31.1%
Table 6.3 Mean
with
score for plant lines 4h, 
isolates G8, G9, G10, Gil,
7d, 8a, 8g,
G12
9c, 9g, and H i
Isolate
4h 7d 8a
Plant
8g
line
9c 9g lli
G8 0.92 0.13 3.12 3.12 0.13 0.17 1.00
G9 0.00 2.09 3.40 3.22 2.30 0.36 3.53
G10 1.33 0.13 3.48 3.47 0.08 0.68 0.74
Gil 3.54 0.00 3.10 3.30 0.03 0.90 0.33
G12 3.60 0.05 3.15 3.13 0.00 0.42 0.26
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Table 6.4 Analysis of variance of the 20 plant lines with the 
5 NVRS isolates
Source of 
variation
DF SS MS VR P
Inoculation 1 0.85 0.85 0.27 NS
Inoc. Replicate 3 35.01 11.67 3.73 NS
Isolate 4 27.94 6.99 2.23 NS
Plant line 17 2337.01 137.47 43.91 0.001
Isolate, plant line 68 589.88 8.67 2.77 NS
Residual 356 1114.56 3.13
Total 449 4105.26 9.14
Error between dishes 450 606.63 1.35
Error within dishes 1800 996.00 0.55
Total 2699 5707.88
Coefficient = 51.4%
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6.4. These results also revealed that there was no significant 
difference between the repeated experiments. However, unlike the 
results for the five Glasgow isolates, there was no significant 
difference in susceptibility between plants at 42 and 56 days of age. 
The mean infection scores for the plant lines with scores greater than 
0 are given in Table 6.5.
A separate analysis of variance was also carried out on the data 
of the lines tested with both the Glasgow and N.V.R.S. isolates which 
gave mean scores greater than 0 to at least one isolate (Table 6.6). 
Again there was a significant variance ratio for the plant lines. The 
mean infection scores for the 7 plant lines (4h, 7d, 8a, 8g, 9c, 9g 
and 11 i) are given in Table 6.7.
6.3.1. Evidence for racefspQcifi'c: particle resistance.
The variance ratio for the plant line x isolate combination was 
significant for the data for the 5 Glasgow isolates (Table 6.2.) and 
for all ten isolates on plant lines 4h, 7d, 8a, 9c, 9g, and 11i (Table 
6.6.). This indicates that partial race specific resistance may be 
operating. For example, line 4h is significantly less susceptible to 
isolate G10 and G8, than to G11. Likewise, line 11 i is less 
susceptible to isolates G10 and G8 than to G9 (See Table 6.3.).
The mean scores of each plant line produced with each isolate it 
was tested with are presented as histograms in Figs 6.4a-d to 6.8a+b. 
The histograms give a clear presentation of the different patterns of 
infection types for each plant line. They provide similar information 
to that found with analysis of variance. There is evidence for 
ra'ceaspecifitppaf-fial resistance since seme plant lines show a low 
level of susceptibility to sane isolates but are highly susceptible to 
others. For example, line 4h shows a significantly higher level of 
susceptibility to isolate G11 than to isolate N7, G10 or G8 (Fig
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Table 6.5 Mean infection scores of 20 plant lines with NVRS isolates 
omitting completely resistant lines 7b and 7d
Isolate
1m In 2a
Plant line 
3f 4a 4h 6b 6d 6f
Nl 2.67 2.40 2.72 0.73 1.88 0.58 0.08 2.20 2.08
N4 0.62 1.08 2.80 0.78 0.92 3.03 0.00 2.73 0.55
N5 2.18 1.68 2.57 1.48 1.38 8.53 0.00 2.58 1.52
N7 2.23 2.47 2.72 1.13 2.05 1.00 0.00 2.15 1.68
Nil 1.55 1.98 2.55 1.48 1.38 0.62 0.20 2.37 0.98
Isolate
7d 8a 8g
Plant line 
9c 9d 9g lOj H i 19b
Nl 0.35 3.17 3.05 0.05 0.00 0.00 1.05 0.38 2.07
N4 0.62 2.03 2.72 0.25 0.20 0.00 0.95 1.17 1.53
N5 0.00 2.82 2.90 0.00 0.00 0.20 0.68 1.12 2.62
N7 0.05 3.15 2.45 0.00 0.10 0.23 1.07 0.48 2.12
Nil 0.92 3.28 2.97 0.47 0.95 0.10 1.07 2.17 1.62
LSD at P 
P 
P
- 0.05
- 0.01 
“ 0.001
= 0. 
= 1. 
. = 1.
896
179
503
Table 6.6 Analysis of variance for plant lines 4h, 
9g, and lli with all 10 isolates
7d, 8a, 8g, 9c,
Source of 
variation
DF SS MS VR p
Isolate 9 287.46 31.94 18.67 NS
Plant line 6 4118.89 686.48 401.36 0.001
Isolate, plant line 54 1679.94 31.11 18.19 0.001
Residual 455 778.23 1.71
Total 524 6864.52 13.10
Error between dishes 525 464.67 0.89
Error within dishes 2100 818.33 0.39
Grand Total 3149 8147.52
Coefficient of variation = 35.9%
118
Table 6.7 Mean infection score for lines 4h, 7d, 8a, 8g, 9c, 9g, and H i  
with each of the 10 isolates
Isolate
4h 7d 8a
Plant
8g
line
9c 9g lli
G8 0.92 0.13 3.12 3.21 0.13 . 0.17 1.00
G9 0.00 2.09 3.40 3.22 2.30 0.36 3.53
G10 1.36 0.13 3.48 3.47 0.08 0.68 0.74
Gil 3.54 0.00 3.10 3.30 0.03 0.90 0.33
G12 3.60 0.05 3.15 3.13 0.00 0.42 0.26
Nl 0.58 0.15 3.17 3.05 0.05 0.00 0.38
N4 3.03 0.62 2.03 2.72 0.25 0.00 1.17
N5 3.53 0.00 2.82 2.90 0.00 0.20 1.12
N7 1.00 0.05 3.15 2.45 0.00 0.23 0.48
Nil 0.62 0.92 3.28 2.97 0.47 0.10 2.17
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Fig 6-^a-d. Histograms of mean infection scores for each
plant line tested with each isolate.
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Fig6-5a-d. Histograms continued.
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Fig6-7a-d. Histograms continued.
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Pig 6-8a + b Histograms continued.
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6.4a). Line 7d shows an intermediate level of susceptibility to 
isolate G9, but an even lower level of susceptibility to isolate N11 
(Fig 6.4c). Unfortunately there were no cases fitting a reciprocal 
check pattern, where differences in reactions were statistically 
significant, to estd^ lisV^ yclefirn^ kel^ i the presence of race~~specif'vc 
p&tbja!:: resistance.
6.3.2. Evidence for race non-specific partial resistance.
The histograms presented in Figs 6.4a-d to 6.8a+b give indications 
that sane plant lines, such as, 3f, 2a, 4a, 6d and 10j gave equally 
low infection scores whichever the isolate they were tested with.
This indicates that these lines may have r ac e •?. ho n-speei Pic patkia\ 
resistance. All the analyses of variance showed there was a 
significant variance ratio for plant lines, indicating that some plant 
lines are generally less susceptible than othersplant lines to a range 
of isolates.
The presence of race non-specific resistance was investigated 
further using two methods. Both methods used the results obtained 
from the 7 plant lines tested with all 10 isolates; the mean infection 
scores are given in Table 6.7.
6.3.2.1 Method 1_.
The mean infection score of each plant line to each isolate was ranked 
(Appendix Table 6.3). Spearmans ranking correlation coefficient 
(Parker, 1973) was calculated for each plant line pair in turn 
(Appendix Table 6.4). A significant correlation coefficient indicates
, ' ' . ■. j
that a particular plant line pair are constantly ranked in relation to 
each other, whichever the isolate used for testing, thereby indicating 
the occurrence of race non-specific resistance. A non-significant 
coefficient indicates race specificity. A mixture of significant and
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non significant ranking correlation coefficients were obtained 
depending on the plant lines compared. Therefore, some plant lines 
showed both race specific resistance and race non-specific resistance 
depending on which plant line they were compared with. However, the 
method was not very reliable. The plant line pair, 8a and 8g, showed 
a non-significant coefficient. Normally these lines are of equally 
high susceptibility no matter which isolate is used for testing. A 
small difference in susceptibility was affecting the ranking 
substantially, giving a non-significant ranking coefficient.
6.3.2.2 Method 2 .
Plant line/isolate relationships were investigated using a similar 
method to that of Crute et al (1983). The relative susceptibilities 
of plant lines 4h, 7d, 8a, 8g, 9c, 9g and 11 i to the 10 isolates were 
compared with each other. The infection scores obtained with each 
isolate for each plant line were plotted against each of the other 
plant lines in turn. Figs 6.9a-f to 6.12a-f show the patterns which 
emerged.
The graphs involving plant line 4h are presented separately as it 
appears to produce race specific patterns of reactions when tested 
with most of the other lines. Points lie either side of the diagonal 
when the susceptibility of 4h is compared with that of lines 7d, 8a,
9c and 11 i. The pattern of points produced with lines 8g and 9g lie 
either side of the diagonal, but very close to it so that the 
differences between the plant lines may not be significant.
The reaction patterns of line 9g fall very close to the diagonal 
but also either side of it. This may be an indication of race 
specificity but it is more likely the line behaves in a race 
non-specific way as it only shows a very low level of susceptibility 
to all isolates. It would, therefore, only appear to be race specific
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Fig 6-9a-f
Susceptibility of each plant line to each isolate
plotted against the susceptibility of 
each of the other plant lines
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Fig 6-10a-e
Paired plant line comparisons continued.
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Fig 6-11a-d
Paired plant line comparisons continued
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Fig 6-1.2a-f
Paired plant line comparisons, continued
Fig 6-12a
Line
C  2 -
Infection type
-ig 6*12b
8g S.3
Infection score
9c 9g
Fig 6-12c
C 2 -
Infection type
Fig 6-12d
9c "
• •
Infection type
11i 9g
Fig 6-12e Fig 6-12f
9s -
a»l -
infection type
0-3 -
>N
Infection type
130
when compared with highly susceptible lines such as 8a and 8g.
The reaction patterns of the other plant lines (7d, 8a, 8g, 9c
and 11 i) when compared with each other show that the majority of the
points lie on one side of the diagonal or the other^ thus indicating
race non-specificity. Only 7d in comparison with 8a appears to show
some race specificity since points fall either side of the diagonal.
Using the diagrams, one can also rank the lines in order of
susceptibility. For example, all the points for 8a lie towards the 8a
half of the diagram, except for when it is plotted against 8g. Thus
8a is more susceptible than all the other lines except for 8g and to
a few isolates when compared with line 4h. The ranking in order of
susceptibility is:
8a = 8g.
11 i.
7d = 9c.
9g.
The response of plant line 4h is predominantly race specific. 
Depending upon isolate, it can be more susceptible than 8a or 8g, and 
less susceptible than 11i, 9c or 7d.
6.3.3 The presence of several types of resistance in the same plant. 
The histograms presented in Figs 6.4 to 6.8 suggest that sane plant 
lines carry both race specific and race non-specific resistance. For 
example, plant line 7d could be said to have a mixture of race .spedfiz 
.co fp .p le^eg ifrace  's.p.ecifjcl pacfcia \pcanci:iraceinopxsp^i^a'2;parL \al--nesisbaoce. 
Line 7d shows only moderate susceptibility to isolate G9, therefore, 
it probably has a reasonable level of non-specific resistance.
6.3.4. A canparison of the performance of the isolates from N.V.R.S. 
and Glasgow.
The infection scores produced by the two sets of isolates were 
compared to see if either the N.V.R.S. isolates or the Glasgow
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isolates had a tendency to elicit a greater proportion of susceptible 
reactions. Analysis of variance (Table 6.6) showed that there was no 
significant difference between isolates for the general level of 
infection they produced.
6.4 Discussion.
Partial resistance has clearly been demonstrated to be operating 
within the groundsel/powdery mildew pathosystem. Its occurrence is 
relatively common indicating that it is likely to be an important 
component of the groundsel defence strategy. Incomplete or partial 
resistance in addition to complete resistance has also been reported 
to occur in wild Glycine spp. to the leaf rust fungus Phakopsora 
pachyrhizi (Burdon and Marshall, 1981). In this pathosystem partial 
resistance was expressed as a reduction in the number and size of rust 
pustules, and an increase in the time taken for rust pustules to 
develop in comparison with those produced on more susceptible plants. 
However, only one isolate originating from a single urediospore was 
used for screening so that the specificity of partial resistance could 
not be determined. Quantitative or partial resistance was found in 
Avena sterilis and A.barbaialx to Puccinia coronata avenae 
(Wahl, 1970 ), but the evidence suggested that the resistance was 
'horizontal' or race non-specific in nature.
In the groundsel/powdery mildew pathosystem, there is evidence 
that partial resistance may be both specific and non-specific, and 
that both forms of resistance can occur in the same plant. As Johnson 
(1979) has pointed out, this can be observed where forms of resistance 
are under the control of different genes although Nelson (1978) has 
argued that it is not possible for one plant to possess both types of
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resistance if the tern race specific resistance is strictly applied.
Parlevliet and ZadoKs (1977) proposed a model showing how 
resistance that was apparently race non-specific could in fact be 
regulated by specific gene-for-gene interactions in the same way as 
race specific resistance. It can be argued that there is really no 
such thing as race non-specificity, and that such evidence for it that 
has been presented here may simply be due to the restricted number of 
isolates Lhafeh were examined.
On- the other hand, Vanderplank (1984) argued that host reactions 
can appear to be race specific, when they are in reality non-specific. 
This is because responses occur at the two extremes of susceptibility 
and resistance with no intermediate responses, even though there are 
no inversions in ranking. As Clifford (1974) notes, 'man catalogues 
resistance into two types for convenience but nature never intended 
such a division'.
The situation encountered in the groundsel/powdery mildew 
pathosystem is confusing. Barrett (1985) pointed out that our 
simplistic view of the gene-for-gene hypothesis, developed from the 
study of crop systems m\c3Wck disease resistance has been manipulated 
by man, is not likely to be able to explain the complexities of a 
natural pathosystem.
Clearly the interactions in the groundsel/powdery mildew 
pathosystem are highly complex. To complicate things further 
environmental factors such as temperature, and factors such as plant 
age, also affect the expression of resistance. Reports that the 
expression of partial resistance in crop systems is affected by 
environment are common. The partial resistance of coffee (C.arabica) 
to coffee leaf rust (Hemi.leia vastatrix) is affected by temperature, 
light intensity and leaf age. The partial resistance of some 
individuals is suspected of being under the control of incompletely
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dominant genes, whilst the resistance of other individuals is thought 
to involve polygenes (Eskes, 1983). Heather and Chandreshekar 
(1982a,b) found that environment played an important role in the 
expression of resistance in wild Populus spp. to leaf rust. Here, 
partial resistance is also an important component of the defence 
strategy. Lewellen (1967) discovered that some wheat varieties 
resistant to Puccinia striiformis carried incompletely dominant major 
genes for resistance but the expression of resistance was also 
affected by minor genes that were in turn affected by the environment.
The defence strategy of groundsel to Erysiphe fischeri is clearly 
complex. In the wild pathosystem it appears that complete race 
specific resistance would rarely act in isolation having evolved 
alongside and in conjunction with other forms of resistance. One form 
of resistance is unlikely to succeed in isolation from any other over 
a period of time. Evolutionary forces have probably ensured that 
several forms of resistance work interactively to provide the most 
successful insurance for both host and pathogen survival.
The importance of the interaction between the different types of 
resistance, the effect of the environment and host factors such as 
stage of development Baue probably been underestimated in the past. 
Complete race specific resistance has usually been bred into crops in 
isolation of the other forms of resistance. The repeated backcrossing 
of resistance genes into an agronomically desired cultivar has led- to 
the loss of partial resistance or other genes associated with the 
expression of the major gene for resistance itself. In the absence of 
genes for partial resistance, selection in the pathogen for virulence 
to match a gene regulating complete resistance may occur rapidly 
because there are no other additional forms of resistance to modulate 
the rate of reproduction of the virulent variant.
m
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7.0. RESISTANCE IN THE N.V.R.S. AND GLASGOW GROUNDSEL POPULATIONS.
7.1. Introduction.
Essential - prerequisites of the work described in this chapter were to 
develop suitable sampling techniques and strategies, and to compare 
their efficiencies in detecting different phenotypes in groundsel for 
resistance to mildew. The main aims of the work were to:
1. Determine the number and frequency of resistance phenotypes in the 
groundsel population as a whole, and two separate populations at the 
N.V.R.S. and Glasgow.
2. Determine the distribution and heterogeneity of resistance 
phenotypes in sub-plots within the main areas.
3. Determine if the resistance phenotypes and their distribution 
changed from year to year.
7.1.1. The distribution of sampling points.
The breeding system and the distribution of individuals are important 
factors to consider when choosing sampling stategies. Where genotypes 
are distributed randomly, as in a freely out-crossing species, samples 
taken at randan may adequately represent the original population for 
both the degree of variation and the population mean (Lewis and 
Taylor, 1967). They suggested randomly sampling an area by dividing 
it into equally sized quadrats and taking at least five individuals 
at random fran within each quadra.: ,
Groundsel is considered to be inbreeding (Haskell, 1953). 
Consequently, one would expect progenies to tend to be very similar to 
their parents. Despite the fact that the achene of groundsel has a 
pappus attached to it, the majority of the achenes tend to fall and
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develop into plants close to the parent plant. This tends to result 
in a patchy distribution of individuals with different genotypes.
Where the distribution of genotypes is patchy, Jain (1975) suggested a 
sampling strategy where individuals were taken from widely scattered 
sampling points. It is possible that an inbreeding population may 
approach the structure of an outbreeding population if there is an 
efficient seed dispersal mechanism (Jain, 1975). The pappus may 
provide this in some cases; also groundsel tends to occupy disturbed 
areas and there may have been efficient localised mixing of the seed 
bank by activities such as ploughing. However, it is unlikely that
achenes are dispersed over wide areas by such means.
The majority of the samples taken in the present study were from 
widely dispersed points appropriate for a patchy distribution of 
genotypes.
i
7.1.2. The size of area considered to constitute a population.
In a crop situation, the area over which a population is said to be
distributed is often conveniently determined by field or farm
bound^ rj'cs. However, as Marshall and Brown (1975) pointed out, there 
are usually no such boundaries in natural plant populations. The 
limits of an area said to hold a population have to be decided by the 
observer. In the groundsel populations studied, several of the areas 
had obvious boundaries, or else plot sizes were limited by the area of 
land available for experimentation.
7.1.3. Size of sample represenative of a population.
The numbers of individuals that need to be sampled to accurately 
represent the original population depend; on the size of the 
population, the variability in the population and the degree of 
variability one wishes to detect (Yates, 1981). In general, the
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larger the population and the greater the variability within it, the 
larger the sample needs to be. A general formula may be applied to 
determine the size of sample depending on the standard error it is 
desirable to detect.
Where p = the proportion of units of a given type in the whole 
population, q = the proportion not of the given type in the population 
and n = the size of the sample required, then;
MarskaH ( personal communication) suggested another formula for 
determining the sample size based on the known frequency 'f' of a 
particular allele 'A1 and the probability 'P* of finding it within a 
sample size 'n1. The formula is designed to apply to homozygous 
individuals as would be expected with an inbreeder.
To detect an allele 'A1 at a frequency of *f' in a population 
then the probability that 'A' does not appear in a sample of 'n1 
individuals is:
ini —nfP = approx e
_3
Since e is approximately 0.05, then to have a 5% chance of 
finding an allele at a particular frequency, the sample size would be 
given by:
Thus to have a 5% probability of finding an allele present in the 
population at a frequency of 0.01, a sample of at least 300 
individuals is required to detect it.
Unfortunately, both these methods of determining sample size 
require previous knowledge of the frequency of the various individuals 
sought in the population and the degree of variability in the
or n= pq
(required standard error of p)2
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population. In the case of groundsel these factors are unknown as far 
as resistance phenotypes are concerned and so they can only be used as 
a general guide.
7..1.4. Sampling strategies used by other workers.
Several sampling strategies have been reported in the literature for 
sampling natural populations. Hull (1974) in a study of the 
distribution of the radiate form of Senecio vulgaris, which is a 
relatively rare phenotype, investigated 45 sampling sites and took 
samples of between 50 and 500 individuals.
Allard (1970) also suggested using very large sample sizes to 
detect genetic variability in wild oats (Avena fatua), which is an 
inbreeder, for use in breeding programmes. The strategy suggested for 
sampling an area 600km x 200km was as follows:
10 seeds collected (from the same panicle) per plant,
200 plants per local population (defined as a site approximately 
50m by 50m),
5 local populations per region (defined as an area of 5km by
5km),
20 regions sampled per east west transect,
5 transects distributed at more or less 200km in a north west 
direction.
This type of strategy was designed to detect as much variation in 
the wild population as possible. Qualset (1975) suggested using 
sample sizes of 500 or more to detect suitable breeding material in 
wild populations, but also pointed out that this was impractical in 
many situations.
The work of Dinoor (1970) on the collection of wild oats with 
resistance to oat crown rust (Puccinia coronata avenae), provided some 
useful information about sampling strategies. He found that the most
uo
efficient way to detect different resistance phenotypes was to take 
relatively small samples of individuals from many locations. If 
resistance was found in that location the site should then be 
intensively sampled. The locations for sampling should be about 5km 
apart and p predetermined by drawing a grid on the map of the whole 
area to be investigated.
Marshall and Brown (1975) also proposed a more realistic sampling 
stra egy for examining populations where there is very little 
information on the frequency and variability of particular types of 
individual.
1) Collect 50 to 100 individuals per site.
2) Sample as many sites as possible within the time available.
3) Sample from as broad a range of environments as possible.
In this way only the more common types of individual would be
detected on each site.
Marshall (personal communication) also suggested that a plan of 
the area to be sampled should be divided into a grid and the position 
of each individual sampled should be recorded to obtain information on 
their spatial distribution. Wherever possible, individuals should be 
sampled from different quadrats:s of the grid. This sampling strategy 
was followed for most of the groundsel populations studied. It was 
aimed to sample 50 individuals from each sampling area but this was 
not always achieved.
7.1.5. Distance between sampling sites.
The two main sampling sites chosen for examination (Glasgow and 
N.V.R.S.) were 300 miles apart. If there is geographic variation in 
the population then this distance should be great enough for 
differences between populations to become apparent. Since groundsel 
is considered to be highly inbreeding then, even in the absence of
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selection for particular phenotypes, genetic drift should be great 
enough to cause populations to diverge (Loveless and Hamrick, 1984). 
Differences in the most common phenotypes should be apparent and 
detected using relatively small samples. However, the potential 
ability for groundsel achenes to be dispersed over large distances may 
limit these effects so that the population structure approaches that 
of an outbreeding population where there is likely to be less 
divergence. It seems unlikely that substantial quantities of achenes 
would be carried 300 miles, causing the populations to become similar.
7.1.6. Sampling techniques.
Two different sampling techniques were used in four small plots at 
Glasgow.
i) The seed bank was sampled by growing up plants originating 
from soil samples and collecting their seed.
ii) The established groundsel on each plot was examined by 
collecting seed at randan from 25 mature plants from each plot.
It was hoped that in this way the efficiency of collecting 
different resistance phenotypes using the two methods could be 
compared. Also, it was hoped that a determination could be made of 
any differences between the resistance phenotypes in the seed bank and 
those observed in established plants.
7.1.7. Inbreeding and homozygosity in groundsel.
Groundsel is generally considered to be an inbreeder.c . It is capable 
of outbreeding being hermaphrodite and protandrous with no evidence of 
self-incompatibility (Fritsch and Salisbury, 1938). The degree of 
outcrossing in a natural population was reported by Hull (1974) to be 
as low as 0.1%. Campbell et al (1976), estimated the level of
outcrossing to be 22% but their data oere based on observations of 
artificial populations with a high proportion of radiate individuals 
that attract more insects, the primary cross-pollinating agents of 
groundsel. Haskell (1953), examined the morphological characters of 
five generations of groundsel and found little evidence for 
heterozygosity.
During the present work an attempt was made to determine the 
homozygosity of groundsel using morphological characters as markers. 
The morphological characters of several progenies were assessed. Only 
progenies tested at exactly the same time and in the same conditions 
could be compared. Stem colour and hairiness, found to be heritable 
characters by Trow (1913), were recorded together with other 
qualitative characters such as leaf colour and hairiness. Leaf shape 
was recorded by making photocopies of the fully developed leaves and 
categorising them into various shapes as in Fig 7.1. Quantitative 
characters such as plant height were measured (plant height being from 
the cotyledonary node to the last node bearing a ferile branch), and 
the number of nodes in a similar way to Trow (1916). The 
morphological characters of several sets of assessed progeny are given 
in Appendix Tables 7.1a for plants grown in the glasshouse at Glasgow 
and 7.1c for progenies grown in mildew free cabinets at N.V.R.S.
Analysis of variance (Appendix 7.1b and 7.1d) showed that in 
general there were greater differences for quantitative characters 
between progeny families than within them. This indicated that 
individuals within a family were similar and therefore likely to be 
the result of inbreeding. The infection types on detached leaves of 3 
progeny families following inoculation with 10 isolates were also 
assessed at N.V.R.S. These families were chosen because siblings had 
previously been shown to be resistant to sane if not all isolates.
Two of the families gave consistently resistant reactions to all
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Fig 7-1 
Leaf morphology types,
Type 1 Type 2.
Type U
Type 3
Type 5
isolates. However, the third family did not show consistently the 
expected resistance patterns (Appendix Table 7.2), indicating that 
segregation was taking place and that outbreeding may have occur red in 
the recent history of the family. However, only„)ow levels of 
susceptibility were recorded suggesting that the results could be 
confounded by the expression of partial resistance. It appears that 
on the basis of this work and the work of others that plants sampled 
were, for the most part, homozygous and true-breeding but that some 
error may have been introduced due to occassional outbreeding when 
different siblings of a particular plant were tested with the Glasgow 
and N.V.R.S. isolates.
7.2. Materials and methods.
7.2.1. The areas sampled.
The areas sampled at Glasgow are referred to as follows:
Area GL1 comprised of four 2 m x 4 m plots.
Area GL2, a partially walled garden at Garscube of approximately 100 m
x 75 m. Area GL1 lay within area GL2.
2
Area GL3 of approximately 1.2 Km mainly consisting of park land and 
housing estates. Areas GL1 and GL2 lay within the area GL3.
The areas sampled at N.V.R.S. are referred to as:
2
Area N1, a i m  plot heavily populated with groundsel.
Area N2, a plot 17 m by 17 m. Area N1 lay within area N2,
2
Area N3 of approximately 6 Km lying within the N.V.R.S. boundaneb. 
Areas N1 and N2 were within area N3.
7.2.2. Collections of groundsel from Glasgow.
7.2.2.1. Sampling from the seed bank.
Four plots each of 2 m by 4 m within the walled garden at Glasgow were 
sampled. The total area of these four plots will be referred to as 
area GL1. Four soil samples, each frcm an area 50 cm by 30 cm and to
a depth of 3 cm were taken at randan sites from each plot. The
majority of viable groundsel seed is thought to reside in the surface
2.4 cm of soil (Chippendale and Milton, 1934). Therefore, these 
samples should have possessed the majority of the viable groundsel 
seed bank. A fifth soil sample was taken from each plot by skimming 
the surface 0.5 cm to 1 cm of top soil from a 1 m by 1 m area. Soil 
samples were also taken from a private garden near to the main
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sampling site.
Each soil sample was placed in a seed tray (37 cm by 24 cm), 
watered, covered with polythene and placed in gravel trays to be 
watered from below as required. The seed trays of soil were placed in 
a glasshouse with no supplementary heating or lighting. After about 1 
week, the polythene was removed and after about 2 weeks any groundsel 
seedlings old enough to be moved were transplanted individually into 
12 cm plastic pots filled with S.A. I. compost and left in the 
glasshouse to develop. Popay and Roberts (1970) found that groundsel 
seeds did not geminate if they were more than 2 mm below the soil 
surface, Therefore, once a 'crop* of groundsel was obtained from a 
soil sample, other plant species were weeded from the tray, and the 
sample was lightly cultivated to bring previously buried seed to the 
surface.
When plants reached maturity, seed samples were collected from 
each plant. This sampling method was not very successful, since only 
49 plants developed to set seed from 25 soil samples. The method was 
also extremely time-consuming. The low recovery rate was partly due 
to 1 damping-off1 afberi-trarfeplarfcin^: and partly due to heavy aphid (Myzus 
persicae) infestations at the flowering stage which destroyed many 
plants before seed could be collected. However, the method could be 
useful at certain times of the year, especially winter, when seeding 
groundsel is not abundant in the field, particularly if supplementary 
lighting could be provided to promote rapid development.
7.2.2.2. Collection of seed from established plants from four 2 m x 2 
m plots (Area GL1).
The plots were ploughed in the autumn of 1982 and surface cultivated 
in March 1983. No herbicide was applied to these areas. In recent 
times, areas GL1 and GL2 had not recieved any herbicides. During
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September and October of 1983 each of the plots was divided into 
thirty-two quadratsr 50 cm by 50 cm, using cane and twine.
Twenty-five quadrate's on each plot were randomly selected and one 
seeding plant from each quadrant was randomly chosen and up-rooted.
The harvested plants were placed in beakers of water to set seed in a 
glasshouse. Seed from each plant was packeted separately.
7.2.2.3. Seed collection from the established plants within the walled 
garden at Garscube (Area GL2).
The areas under cultivation within the garden were ploughed in the 
autumn of 1982 and surface cultivated in March 1983. For sampling 
purposes, a grid was drawn over a plan of the garden so that each 
square represented an area of approximately 5 m by 5 m. Not every 
quadrate was populated by groundsel since much of the area was under 
grass or built on. During September and October groundsel seed was 
collected in the following way. Wherever possible, one plant was 
randomly chosen for sampling from within each quadrait that was not 
occupied by grass or buildings. The position of each plant sampled 
was recorded on the plan. The plants were placed in beakers of water 
in a glasshouse and seed collected from each of 52 plants.
7.2.2.4. Seed collection from established plants in the general area 
around Garscube Gardens at Glasgow (Area GL3).
A grid was drawn over a map of the area so that each square 
represented an area of approximately 100 m x 100 m. Most of the 
groundsel populations within GL3 were on private housing estates.
From May until October 1983, one plant from within each area, wherever 
possible, was obtained from the gardens of the houses. The 
approximate positions of the plants were marked on the map and the 
seed was collected from the plants as described previously.
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7.2.3. Groundsel seed collections from the N.V.R.S.
7.2.3.1. Collections made from established plants in the 17 m by 17 m 
plot (Area N2) and the 1_ m by; Irn plot (Area N1).
Two separate collections were made from Area N2, one in August 1983 
and the other in August 1984. The area was ploughed in the autumns of 
1982 and 1983, then in the following March the area was surface 
cultivated. There were problems with other weeds in the plot so the 
plot was treated with selective herbicide. In March 1983 and 1984 the 
area was treated with Kerb (propyzamide) at a rate of 2.25 Kg of 
product ha to control all species except dompositae such as groundsel 
and mayweed (Matricaria spp.). The area was also treated with a trial 
herbicide CME 127 at a rate of 1.5 litres ha in March 1984 to 
control mayweed. In April 1983 and 1984 the area was raked to allow 
germination of groundsel. Thistles became a problem on the plot in 
1984 so they were spot treated with glyphosate at a rate of 30 ml 1 
early in May. The plot was then marked out into 1 m squares. In 1983 
and 1984 the frequency of groundsel plants and the number of plants 
infected with Erysiphe fischeri were recorded. After the records were 
completed in each year, the nearest plant to every other intercept was 
harvested and its seed collected as before. The intercepts not 
sampled in 1983 were sampled in 1984. Fortyseverci.i plants in 1983 and 
44 plants in 1984 were sampled.
The quadraibt with the highest population of groundsel within the
17 m x 17 m plot was intensively sampled in August 1983. This area of 
2
1 m is known as Area N1. Every plant (75 plants) within the square 
was harvested and its seed collected.
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7.2.3.2. Collections of established groundsel from within the N.V.R.S.
boundry (Area N3).
A grid was drawn on a map of the N.V.R.S. estate where each square 
represented an area of approximately 100 m by 100 m. Wherever 
possible, one seeding plant from each quadrat i; was harvested, its 
position marked on the map and the seed collected as before. Two 
separate collections of seed were made from Area N3, one during June 
1983 and the other in June, 1984. Forty plants were sampled in 1983 
and 60 in 1984.
7.2.4. Control tests.
Wherever possible, each test included control plant lines of a similar 
age to the groundsel populations under test. The control lines were 
some of the inbred lines originally used to characterize the mildew 
isolates which could be used as differentials to distinguish between 
isolates. From the control tests checks could be made to determine 
whether the isolates produced expected reactions, providing evidence 
of any cross-contamination. Plant lines 4h, 6b, 7b, 7d, 8a, 8g, 9a, 
9c, 9g and 11 i were used as controls when the Glasgow isolates G8, G9, 
G10, G11 and G12 were tested. An additional 10 lines 1m, 1n, 2a, 3f, 
4a, 6d, 6f , 9d, 10j and 19b were used in the control tests when the 
N.V.R.S. isolates N1, N4, N5, N7 and N11 were used for inoculation.
7.2.5. Testing procedures.
Seeds were sown from the collections in batches of 50 samples and 
tested with mildew isolates. The Glasgow isolates and the N.V.R.S. 
isolates were tested on separate occasions. One plant from each seed 
sample was tested with the Glasgow isolates (G8, G9, G10, G11 and
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G12), a second sibling plant from the same parent was tested with the 
N.V.R.S, isolates (N1, N4, N5, N7 and N11). Since outbreeding in 
groundsel has been estimated to be as low as 0.1% (Hull, 1974) the 
sibling plants were probably of identical genotype.
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7.3. Results.
7.3.1. Resistance in the groundsel populations.
The infection types 0, 1, 2-, 2 + , 3 and 4 were transformed to 0, 1,
1.5, 2.5, 3 and 4 for the purposes of analysis. The mean infection 
scores were calculated for each plant tested with each isolate. The 
results of the control tests are given in Appendix Table 7.3. The 
data for the Glasgow and N.V.R.S. plants are given in Appendix Tables
7.4 and 7.5 respectively.
h table All epfi the different resistance phenotypes and their 
frequencies in each population are given in Table 7.1.
7.3.2. A comparison between resistance phenotypes detected in plants 
obtained from the seed bank and those derived from established 
plants.
Few seed samples were successfully collected by soil sampling in Area 
GL1. Plot 2 was the only plot from which a reasonable number of 
samples coas-. obtained. The five mildew isolates collected from 
Glasgow (G8, G9, G10, G11 and G12) were used to test the reactions of 
25 plants collected by soil sampling from Plot 2 and 25 plants 
collected as seed from established plants. Only two plants out of the 
50 tested were resistant to any of the mildew isolates. One plant out 
of the 25 collected directly from established plants was resistant to 
isolate G9, whilst one plant out of the 25 from the soil sample 
collection was resistant to isolates G9 and G12.
The results for the plants obtained from seed from established 
individuals on all four plots were pooled. Likewise the results for 
all the plants collected by soil sampling were grouped together. Only 
3 plants out of 100 from established plants and two of the 49 plants
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Table 7.1. Number of plants in each sampling area with each 
resistance phenotype.
ISOLATE No of
Area GL1 G8 G9 G10 G11 G12 N1 N4 N5 N7 N11 plants
Plot 1 S S S S R - - - - 2
S S S S S - - - - 23
Plot 2 S R S S S _ _ _ _ 1
S S S S S - - - - 24
Plot 3 S S S S S - - - - 25
Plot 4 S S S S R _ _ _ _ 1
S S S S S - - - - 24
Soil sample 
Plot 2 only S R S S R 1
S S S S S 24
All soil 
samples with 
Plot 2 S R S S R 2
S S S S S - - - - - 47
Area GL2 S R S S R s s s s s 2
S S S S S s R s s s 1
S S S S S s S s s R 1
S S S S S s S s s S 48
Area GL3 S R S S S s S s s S 1
S S S S S R S s s S 1
S S S R S S S s s S 1
S S S S R S S s s S 1
S S S S S S S s R S 2
S S S S S S S R. S S 1
R S R R S R S R S S 1
R R R R R R R R R R 1
S S S S S S S S S S 37
R = resistant 
S = susceptible 
- = Not tested
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Table 7.1 continued
Area N1
Area N2 1983
Area N2 1984
Area N3 1983
Area N3 1984
ISOLATE No of
G8 G9 G10 G11 G12 N1 N4 N5 N7 N11 plants
R S S S S 1
S R S S S 43
S S S R S 2
S S S S R 1
R S R S S 1
S R S R S
S R S S R 1
R R R S S - - - - - 1
R R S R R 1
S S S S S 23
S R S S S s S S S S 22
S S S S R s s S S s 1
R R R R R s s s s s 1
R S R S S R s s R R 1
S S S S S R s s R R 1
R R R R R R R R R R 2
S S S S S S S S S S 19
S R S S S S S S S S 14
S S S S S S S S R S 3
R S S S S R S S R R 2
S S S S S S s S S S 25
R S S S S 1
S R S S S 2
S S R S S 1
S S S R S 1
R R S S S 1
R S R S S 1
R R R R R - - - - - 2
S S S S S 31
R R S S S S s s S S 1
S R S S S s s s R R 1
S S S S S s R s S S 4
S S S S S s R R S S
S S S S S R S S S R 1
S R R R S S R R S S
S S S S S R S S S S
S S S S S S S S S R
S S S S S S R R R R
S S S S s R R S R R 1
S S S S s S S R S s • 1
S S S S s S R S R S 1
S S S S s S S S R S 1
S S R S s S R S S R 1
S S S R s R R R R R 1
S S S S s R R R S R 1
S S S S s S S S S S 41
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obtained by soil sampling were found to be resistant to one or more 
isolates. The phenotypes are given in Table 7.1. There appears to be 
little difference between sampling methods in the efficiency of 
detecting resistance phenotypes.
7.3.3. A comparison between.frequencies of resistance in four 2 m by 4 
m plots within Garscube gardens.
Twenty-five plants were obtained from each of Plots 1, 2, 3 and 4, and 
tested with isolates G8, G9, G1G, G11 and G12. The numbers of plants 
resistant to one or more of the isolates on each of the plots were 2, 
1, 0 and 1 respectively. (See Table 7.1 and Fig 7.2)). Both 
resistant plants from Plot 1 and the single plant from Plot 4 were 
resistant to isolate G12 only. The resistant plant from Plot 2 was 
resistant to isolate G9 only. The number of resistant plants detected 
was too small'to make a valid comparison between the plots but it does 
appear that resistance to G12 may be more common than resistance to 
other isolates.
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7.3.4. A comparison between the frequency of resistance within three 
different sizes of sampling area at Glasgow.
A study was made to determine the effect of size of the sampling area 
on the detected frequency of plants with resistance. The three areas 
sampled were.as follows:
Area GL1. The total area of the four plots 4 m  by 2m. (100
plants assessed. Table 7.1,. Fig 7.2).
Area GL2. The area within the walled garden at Garscube 
(approximately 75 m by 100 m). (52 plants assessed. Table 7.1. Fig
7.3.).
Area GL3. An area of just over 1.2 square km, its centre being 
located within the walled garden at Garscube gardens. (46 plants 
assessed. Table 7.1. Fig 7.4.).
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Key to Figs 7.2 to 7.9. The resistance phenotypes 
represented by each letter.
Upper case letter denotes all ten isolates considered, 
lower case letter denotes only the 5 Glasgow isolates were 
used for testing.
o = All susceptible phenotype.
Resistance phenotype
G8 G9 G1 0 G11 GT2 Letter
R + + ■ + + a
+ R + + + b
+ + R + + c
+ + + R + d
+ + + + R e
R R + + + k
R + R + + 1
+ R + R + n
+ R + ' + R P
R R R + + q
R R + R R X
R R R R R y
Res istance phenotype
G8 G9 G1 0 G11 G1 2 N1 N4 N5 N7 N1 1 Letter
+ R + + + . + + ' + + + A
+ + + R + + ■ + + + + D
+ + + + R + + + + + E
+ + + + + R + + + + F
+ + + + + + R + + + G
+ + + + + + + R + + H
+ + + + + + + + R + I
+ + + + + + + + + R J
R + R + + + + + + + L
+ R R + + + + + + + M
+ + + + + R R R + + T
+ + R + + + R + + R U
+ R + + + + + + R R V
+ + + + + R + + R R W
R R R R R + + + + + Y
R + R + + R + + R R Z
R + + + + R + + R R AA
R R R + + + R R + + BB
R + R R + R + R + + CC
+ + + + + + R R R R DD
+ + + + ' + R R + R R EE
+ + + R + R R R R R FF
+ + + + + + R R + + GG
+ + + + + R + + + R HH
+ + + + + + R + R + II
R R R R R, R R R R R RR
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G R O U N D S E L  S A M P L I N G  P O I N T S  A R E A  GL1 19S3 
F O U R  A m  x 2 m  P L O T S
j  = APPROX 1m
P L O T  1
• % s e • • • • • •
• •
• •
• • •
• • . • • • •
6
P L O T  2
• • • • • •
• • r*
• • • •
P L O T  3.
P L O T  4.
• • • • • • \
• • • • • • #
• • • •> •
• • • • • •
SEE ICY TO FIGS 7-2 TO 7-9 FOR RESISTANCE PHENOTYPE 
FOR EACH' LETTER
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G R O U N D S E L  S A M P L I N G  P O I N T S  A R E A  G L 2  19ft3 
G A R S C U B E  G A R D E N S
I— * = APPROX 5 m
PLOT 4.
PLOT 3.
PLOT 2.
PLOT 1.
□
SEE KEY TO FIGS 7-2 TO 7-9 TO FIND WHICH RESISTANCE 
PHENOTYPE EACH LETTER REPRESENTS.
Fig 7-4
G R O U N D S E L  S A M P L I N G  P O I N T S  A R E A  G L 3  1983 
T H E  G E N E R A L  G L A S G O W  A R E A
j = APPROX 100m
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The number of plants possessing resistance to one or more of the
isolates G8, G9, G10, G11 and G12 from each of the areas GL1, GL2 and
2
GL3 were 4, 2 and 5 respectively. Statistical analysis (X = 3.21, P 
=0.05) showed that there.was no significant difference between the 
sampling areas in the frequency with which resistant plants were 
detected. However, if one considers the data of a single 2 m by 4 m 
plot as the smallest,sampling area, then as anticipated, the results 
do indicate that as the size of sampling area is increased then there 
is a tendency for the number of resistant individuals detected to 
increase.
The resistance phenotypes detected in the populations are given 
in Table 7.1. With the five Glasgow isolates on the established 
plants from area GL1, Plot 1 had two plants with resistance to 
isolate G12, Plot 2 had one plant with resistance to isolate G9, Plot 
3 had no resistant plants, and Plot 4 had one plant with resistance to 
isolate G12 only. Area GL2 only had one plant with resistance and 
that was to isolates G9, and G12, while area GL3 yielded 5 resistant 
plants with 5 different resistance phenotypes.
Figs 7.2, 7.3 and 7.4 represent the spatial distribution of the 
resistance phenotypes. Resistance did not appear to be concentrated 
in any particular area but as expected the number of different 
resistance phenotypes was greatest in the largest sampling area.
7.3.5. A comparison between different sized sampling areas at 
N.V.R.S..
Three different sizes of sampling area were also studied at the 
N.V.R.S. Isolates G8, G9, G10, G11 and G12 were again used to test 
plants obtained from the three areas. The areas which were sampled in 
1983 were as follows.
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2A. Area N1; a plot 1 m .  (75 plants assessed. See Table 7.1, Fig
7.5).
B. Area N2; a plot.17 m x 17 m sampled 1983. (47 plants
assessed. See Table 7.1., Fig 7.6).
G. Area N3; the area within the N.V.R.S station boundaries sampled
in 1983. (40 plants assessed. See Table 7.1, Fig 7.8).
The number of plants from each sampling area N1, N2 and N3 found
to possess resistance;to one or more isolates were 52(69%), 27(57%)
and 9(23%) respectively. Analysis of the data demonstrated a
significant difference between the frequencies of resistant plants
2detected in each area (X = 23.81, P< 0.001). . .
• . _ ii-~' i •.. . • - . '.'...• d- ■ AXrvexpecteAlu^  at N.V.R.S.
as sample area increased the number of resistant plants detected
decrease^ . However, an examination of the frequencies of the various
resistance phenotypes (see Table 7.1) revealed that the high frequency
of resistant plants from the two smaller areas was mainly due to the
high frequency of plants with resistance to isolate G9 only. When the
reactions resistant to G9 only were excluded from the analysis, then
the frequency of plants with resistance to the remaining four isolates
(G8, G10, G11 and G12) from the Areas NT, N2 and N3 was 9 (12%), 5
2
(11%) and 7 (18%) respectively. TheX analysis of this data was not 
2significant (X. =1.02, P; > 0.05). Diagrams 7.5, 7.6 and 7.8 represent
the spatial distribution of the various phenotypes detected within the 
areas N1, N2 and N3.
7.3.6. Variation in,the .frequency of resistant plants between years. 
Seed collections were made in areas N2 and N3 in both 1983 and 1984 
(See Figs 7.6 and 7.7, and 7.8 and 7.9). The plants raised from them 
were tested for resistance to isolates G8, G9, G10, G11 and G12. The
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Fig 7-6
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Fig 7-7
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Fig 7-8
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Fig 7-9
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number of plants found to be resistant to at least one isolate are 
given in Table 7.2.
Table 7.2. Variation between years, including resistance to isolate 
G9.
1983 SAMPLE 1984 SAMPLE
Number of Total Number of Total
resistant number resistant number
plants of plants plants of plants
assessed assessed
Area N2 27 47 16 44
Area N3 9 40 9 60
Analysis of the combined data for both years demonstrated a
2
significant difference (X = 18.76, P < 0.001) in the number of
resistant plants between the two areas N2 and N3. The frequency of
resistance to the five isolates in area N2 was also found to be
2
significantly greater in 1983 than in 1984 (X = 4.05, P <  0.05).
2
However, no differences were found between years in area N3 (X =
0.92, P > 0.05).
Again many of the plants in Area N2 were resistant to G9 only in
both 1983 and 1984. The large number of plants with resistance to
isolate G9 only may be explained by the tendency of phenotypes of
inbreeding plants to be patchily distributed. Either by chance or by
past selection Area N2 had a large proportion of plants with
resistance to isolate G9. The data were examined excluding the
resistant reactions to isolate G9. The numbers of plants resistant to
the other four isolates are shown in Table 7.3.
Variation between years, excluding resistance to isolate G9.
1983 SAMPLE 1984 SAMPLE
Number of Total Number of Total
resistant number resistant number
plants of plants plants of plants
assessed assessed
Area N2 4 47 2 44
Area N3 7 40 4 60
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Analysis of the data for area N2 shewed that there was no
2significant difference, between years (X =0.58, P > 0.05), indicating
that only the frequency of G9 varied between years. However, analysis
of the data for the larger area N3 showed that there was a significant
difference between the frequency of resistance to the four isolates 
2between years (IT =5.11, P < 0.05).
7.3.7. A detailed study of the 1 m by 1 m plot.
2
Area N1, the 1 m plot with the highest density of groundsel on the 17
m x 17 m plot (area N2) was intensively sampled in 1983. Seed was
collected from every plant which fruited within this square during 
July. One plant originating from each of the samples was tested with 
isolates G8, G9, G10, G11 and G12. A large number of plants, 43 out 
of the 75 tested (or 57%), were resistant to isolate G9 only. Many 
other phenotypes, including plants that were susceptible to all five 
mildew isolates were also found. The resistant phenotypes found are 
given in Table 7.1. Including the phenotype which was susceptible to 
all five isolates a total of 10 different phenotypes coas delected 
within this small area. This clearly confirms that the groundsel 
population is highly heterogeneous. Fig 7.5 represents the 
distribution of the resistance phenotypes on the plot.
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7.3.8. Comparison between the frequency of resistant plants at Glasgow 
and N.V.R.S. to both sets of isolates.
The frequency of plants with resistance to at least one isolate in the 
N.V.R.S. and Glasgow groundsel populations m s  compared. The 
reactions of ninety-eight plants from Glasgow (52 from GL2 and 46 from 
GL3 collected in 1983) and 151 plants from N.V.R.S. (47 from N2 
collected in 1983, 44 from N2 collected in 1984, and 60 from area N3 
collected in 1984) to Glasgow isolates G8, G9, G10, G11, and G12, and 
to the N.V.R.S. isolates N1, N4, N5, N7 and N11 were assessed. The 
numbers of plants shaving resistance to at least one isolate from each 
set of isolates is given in Table 7.4.
Table 7.4. N.V.R.S. and Glasgow populations tested with each set of 
isolates.
N.V.R.S PLANTS GLASGOW PLANTS
Resistant Total Resistant Total
Glasgow isolates 52(34%) 151 7(7%) 98
N.V.R.S isolates 29(19%) 151 9(9%) 98
Analysis revealed that the Glasgow plants were equally susceptible to
both the Glasgow and the N.V.R.S isolates (X? = 0.27, P >  0.05).
However, the N.V.R.S. plants were more resistant to the Glasgow than
2
to the N.V.R.S. isolates (X = 8.92, P < 0.01). Likewise, the Glasgow
isolates (X^  = 24.49, P < 0.001) and to a lesser extent the N.V.R.S.
2isolates (X = 4.16, P < 0.05) were significantly less virulent on the 
N.V.R.S. plants than on the Glasgow plants. These results indicate 
that most of the differences between the two host samples were due to 
a higher frequency of resistance in the N.V.R.S. population.
Many of the resistant plants from the N.V.R.S. were resistant to 
isolate G9 only. The greater frequency of resistance to isolate G9 may 
have accounted for the main differences between the two groundsel 
populations from the N.V.R.S. and Glasgow. Table 7.5 summarizes the
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data for the number of resistant plants obtained at each location, 
once resistance to G9 only was omitted.
Table 7.5. N.V.R.S. v Glasgow plants, resistance to G9 omitted.
N.V.R.S. PLANTS GLASGOW PLANTS
Resistant Total Resistant Total
G8,G10,G11 ,G12 11(7%) 151 6(6%) 98
N.V.R.S. ISOLATES 29 (19%) 151 9 (9%) 98
Analysis revealed, as before, that the Glasgow plants were equally
2susceptible to both the Glasgow and the N.V.R.S. isolates (X =0.65, P 
> 0.05). However, in this case, more of the N.V.R.S. plants were
2resistant to the N.V.R.S. isolates than to the Glasgow isolates (X =
9.34, P < 0.01). Equal numbers of plants from N.V.R.S and Glasgow
2
were resistant to the Glasgow isolates (X. =0.13, P >0.05) but more
plants from the N.V.R.S. than from Glasgow were resistant to the
2
N.V.R.S. isolates (X =4.62, P < 0.05). This analysis indicates some 
kind of an interaction between N.V.R.S. isolates and N.V.R.S. plants, 
resulting in a higher number of resistant plants than expected using 
this combination of isolates and plants.
An analysis was then carried out to try to determine whether the 
interaction obtained between the N.V.R.S. isolates and N.V.R.S. plants 
could be explained by differences in resistance between the plant 
populations alone or whether differences between the mildew 
populations were also involved. A summary of resistance in each 
groundsel population to all the isolates (but excluding plants 
resistant to G9 only) is given in Table 7.6.
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Table 7.6. Resistance in the N.V.R.S. and Glasgow plants to all 
isolates combined but excluding isolate G9.
SUSCEPTIBLE RESISTANT
PLANTS PLANTS
86 12(12%)
121 30 (20%)
There was no significant difference between the two groundsel
populations with respect to their overall reactions to the 9 isolates 
2
(X = 2.25, P > 0.05). This indicates that the observed interaction
between the N.V.R.S. plants and the N.V.R.S. isolates may be due to
differences between the mildew populations.
The total numbersof different resistance phenotypes, including
resistance to isolate G9, in the Glasgow and N.V.R.S. groundsel
populations were 12 and 24 respectively (including the all susceptible
phenotype). The phenotypes are given in Tables 7.7 and 7.8
respectively. There appears to be greater heterogeneity in the
N.V.R.S. population with greater heterogeneity being detected by the
N.V.R.S. isolates. The resistance phenotypes given in the two tables
may be explained by a minimum of 9 genes for the Glasgow plants and a
minimum of 10 genes for the N.V.R.S. plants if the logic of the 1 gene-
for-gene' relationship is applied. The maximum number of phenotypes
9possible in the Glasgow and N.V.R.S. populations are, therefore, 2 
10=515 and 2 =1,024 respectively. Tne percentage of the possible
phenotypes that were detected in each population was the same being 
2.3%.
TOTAL GLASGOW 
PLANTS =98 
TOTAL N.V.R.S. 
PLANTS =151
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Table 7.7 Resistance phenotypes detected in the Glasgow population
(98 plants) using 10 isolates
Phenotype in both 
populations
Isolate 
G8 G9 G10 G11 G12 N1 N4 N5 N7 N1
Yes S R S S S S S S S S
Yes S S S S R S S S S S
Yes S S S S S R S S S S
Yes S S S S S S R S S S
Yes S S S S S S S R S S
Yes S S S S S S S S R S
Yes S S S S S S S S S R
Yes R R R R R R R R R R
Yes S S S S S S S S S S
No S S S R S S S S S S
No S R S S R S S S S S
No R S R R S R S R S S
12 Phenotypes, minimum number of genes required =9
Table 7.8. Res i stance phenotypes detected in the N.V.R.S. 
(151 plants) using 10 isolates.
Phenotype in both ISOLATE
:ions G8 G9 G10 G11 G12 N1 N4 N5 N7 N1
Yes S R S S S S S S S S
Yes S S S S R S S S S S
Yes S S S S S R S S S s
Yes S S S S S S R S S s
Yes S S S S S S S R S s
Yes S S S S S S S S R s
Yes S S S S S S S S S R
Yes R R R R R R R R R R
Yes S S S S S S S S S S
No S R R S S S S S S S
No S R S S S S S S R R
No S S S S S S R R S S
No S S S S S R S S S R
No R R R S S S R R S S
No S S S S S S R R R R
No S S S S S R R S R R
No S S S S S S R S R S
No S S R S S S R S S R
No S S S R S R R R R R
No S S S S S R R R S S
No R S S S S R S S R R
No S S S S S R S S R R
No R S R S S R S S R R
No R R R R R S S S S S
24 Phenotypes, minimum number of genes required =10
population
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7.3.8. The resistance phenotypes of the Glasgow and N.V.R.S. groundsel 
populations with respect to the five Glasgow isolates G8, G9, G10, G11 
and G12.
Additional plants were tested using the five Glasgow isolates only.
The total number of Glasgov; plants tested was 247, and included;
100 plants from the four 2m by 4m plots (Area GL1, Fig 7.2).
52 plants from area GL2 (Fig 7.3).
46 plants from area GL3 (Fig 7.4).
49 plants obtained from soil sampling.
The total number of N.V.R.S plants tested was 266, and included;
75 plants from area N1 (Fig 7.5).
47 plants collected from area N2 in 1983 (Fig 7.6).
44 plants from area N2 in 1984 (Fig 7.7).
40 plants from area N3 in 1983 CF;<^  7-8}.
60 plants from area N3 in 1984 ('Pi <^ 7*<\ ) .
It was found that 12 plants (5%) from Glasgov; and 113 plants
(42.5%) from the N.V.R.S. possessed resistance to one or more of the
2isolates. This difference was highly significant (X = 99.25, P < 
0.001).
When resistance to isolate G9 is disregarded then it can be seen 
that 11 plants from Glasgov; and 17 plants from the N.V.R.S. possess 
resistance to one or more of the other four isolates. Analysis 
revealed that there was no significant difference between the 
groundsel populations as far as resistance to isolates G8,G10,G11 and 
G12 were concerned (X^  =1.8, P>P;°5.
The number of different resistance phenotypes (including the all 
susceptible) detected in the Glasgov; population was 7 and in the 
N.V.R.S population was 14. Tne phenotypes are shown in Tables 7.9 and
\7U
Table 7.9. Resistance phenotypes detected in Glasgow groundsel
population (247 plants) using 5 Glasgow isolates.
populations
both Isolate
G8 G9 G10 G11 G12
Yes S R S S S
Yes S S S R S
Yes S R S S R
Yes R R R R R
Yes S S S S S
No S S S S R
No R S R R S
minimum number of genes required = 4
Table 7.10. Resistance phenotypes detected in the N.V.R.S. groundsel 
population (266 plants) using the 5 Glasgow isolates.
Phenotype in both ISOLATE
Yes
G8
S
G9
R
G10
S
G11
S
G1
S
Yes S S S R S
Yes S S S S R
Yes S R S S R
Yes R R R R R
Yes S S S S S
No S R R S S
No R R S S S
No S R S R S
No R S R S S
No R S S S S
No R R R S S
No R R S R R
No S S R S S
14 phenotypes, minimum number of genes required = 5
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7.10 respectively. The Glasgow phenotypes may be explained by a
minimum of 4 genes and the N.V.R.S. by 5 genes. The number of
4 5phenotypes possible using these isolates is 2 =16 and 2 =32
respectively. The percentages of the possible phenotypes that were 
actually detected were 44% in both cases.
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7.4. DISCUSSION.
The evidence clearly indicates that the two populations of groundsel 
differ with respect to both the number of plants with race specific 
resistance and the phenotypes detectable with the isolates used. Of 
all the plants tested 7.6% of the Glasgov; plants and 49% of the 
N.V.R.S. plants were resistant to at least one mildew isolate. The 
main difference between the populations could be accounted for by the 
large number of plants resistant to isolate G9 only in the N.V.R.S. 
population. However, small differences in relation to other resistant 
phenotypes between the populations were still apparent. Harry (1980) 
also found indications that resistance in groundsel varied 
geographically. Her work was based on relatively small samples of 
about 10 individuals collected from 24 different locations so that 
comparisons between sampling locations could not be made 
accurately. There are few reports in the literature of studies of the 
levels or distribution of resistance in wild populations. Perhaps the 
most relevant are those by Dinoor (1970) on crown rust resistance in 
wild oats and Burdon and Marshall (1981) on resistance in wild soya 
beans to leaf rust.
7.4.1. The proportion of plants with race specific resistance in wild 
populations.
Dinoor (1970) examined resistance in wild oat (Avena sterilis) 
populations to two races, 264 and 276, of oat crown rust (Puccinia 
coronata avenae) and found 10% of the plants tested were resistant to 
race 264, whilst 5.5% were resistant to race 276. Work by Wahl (1970) 
on the same host and pathogen found similar proportions of resistant 
plants. Out of 8,514 Avena-: sterilis seedlings tested, 492 or 5.7%
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were found to be resistant to either or both races 264 and 276 of 
Puccinia coronata avenae. The proportion of resistant adult plants 
was higher, 498 out of 3,081 or 16.2% were resistant to one or both of 
the rust isolates.
Burdon and Marshall (1981) investigated the proportion of
resistant plants in six species of Glycine to one isolate of
Phakopsora pachyrhizi and found that the number of resistant plants
varied depending on the Glycine species examined. Table 7.11 shows
the percentage orresistant plants ranged from 13% to 42%.
Table 7.11. Percentage of resistant plants detected of different 
Glycine spp..
Number of % of plants
plants Resistant Susceptible
Glycine species tested
13 87
15 85
14 86
42 68
32 68
33 67
The numbers of groundsel plants in each population at Glasgow and 
N.V.R.S. that were resistant to each mildew isolate are presented in 
Table 7.12. The proportion of plants resistant to each isolate ranges 
between 1% for isolates G8, G10 and G11 in the Glasgow plants, to 37% 
for isolate G9 in the N.V.R.S groundsel population. Apart from 
resistance to isolate G9 the percentage of plants resistant to each 
isolate ranged from 1% to 10%, a Jeuel.si-sifailad to that found by Dinoor 
(1970) in the wild oat/crown rust pathosytem. It may also be noted 
that, except for resistance to isolate G12, there were slightly more 
plants resistant to each of the other isolates in the N.V.R.S. than in 
the Glasgov; populations of groundsel.
Harry (1980) detected resistance in 149 out of 250 (59%) inbred 
groundsel lines, collected from various parts of the British Isles, to
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G. canescens 23
G. clandestina 40
G. tabacina (2n) 29
G. tabacina (4n) 47
G. tabacina (2n+4n) 76
G. tomentela 45
Table 7.12. Number of groundsel in each population resistant to each
mildew isolate.
Glasgow plant No plants Total no of % plants
population resistant plants assessed resistant
Isolate G8 2 247 1 %
G9 7 247 3%
G10 ■ 2 247 1%
G11 3 247 1%
G12 9 _ 247 4%
N1 3 98 3%
N4 2 98 2%
N5 3 98 3%
N7 3 98 3%
N11 1 98 1%
N.V.R.S. plant 
population
Isolate G8 15 266 6%
G9 94 266 35%
G10 13 266 5%
G11 12 266 5%
G12 . 9  266 . 3%
N1 11 151 7%
N4 14 151 9%
N5 8 151 5%
N7 15 151 10%
N11 13 151 9%
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one or more of 9 mildew isolates that she used for testing. However, 
not all the lines were tested with all nine isolates, but they were 
all tested with 5. The percentages of plants resistant to each 
isolate were:
20.4% resistant to isolate 1.
22.8% " " " 2.
17.6% " ” " 3.
29.6% " " " 4.
23.6% " " " 5.
A greater proportion of the plants sampled by Harry (1980) were
found to have resistance to one or more of the isolates used by Harry
than was found in the present study using different isolates. The
difference in the numbers of resistant plants detected were probably
due to the different strategies used to sample the host and pathogen
populations. The groundsel collections made by Harry (1980) were
based on small samples of about 10 individuals from 24 widely
dispersed locations in the British Isles. Within each location seed
samples were taken from plants at least 30 m apart to avoid sampling
from the same parentage. This type of method was found by Dinoor
(1970) to maximise the numbers of resistant plants detected in the
wild oat/crown rust pathosystem. The groundsel sampled in the present
2study were within two limited areas, one of approximately 1.2 Ion at 
2
Glasgow and 6 Ion at N.V.R.S. and this may have reduced the chances of 
detecting markedly different groundsel phenotypes. Each location was, 
however, more intensively sampled so that the probability of detecting 
differences between the two populations was increased greatly.
The sampling method used by Harry to obtain her mildew isolates 
nay dso' W  tended to maximise the number of resistance phenotypes that
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could be detected. The first isolate obtained by Harry was collected 
at randan since it was obtained fron a groundsel plant of completely 
unknown resistance phenotype. Subsequent isolates were obtained fron 
plants known to be resistant to the isolates tested earlier. One 
would expect that such a method would maximise the number of virulence 
phenotypes in the pathogen sample. In turn this may maximise the 
extent to which the isolates differ from one another so that they may 
detect larger numbers of different resistance phenotypes in the host 
and hence a greater number of resistant plants may be detected.
All the isolates used in the present study were obtained directly 
fron different groundsel individuals in the field. Nothing was known 
about the resistance phenotypes of the hosts and in this respect the 
pathogen samples would be random and would tend to represent the more 
common isolates in the pathogen population.
7.4.2. The distribution of resistance between different locations in 
wild populations.
The work of Dinoor(1970) has provided a useful insight into the 
distribution of resistance in two species of wild oat (Avena sterilis 
and Aj_ barbata) to two races of oat crown rust (Puccinia coronata 
avenae). In northern Israel 36.9% of the collections of A. sterilis 
were found to contain piaffe resistant: to one or both of the rust 
races 264 and 276^ cohilst, in southern Israel only 7.8% of the 
locations sampled were found to possess resistant individuals. One 
region, 25 km by 50 km, in northern Israel was found to have resistant 
individuals in 69.8% of the locations sampled. The distribution of 
resistance in another wild oat species Avena barbata was somewhat 
different. In the north of Israel only 6% of the locations were found 
to have seedling individuals with resistance to races 264 and 276 of 
oat crown rust. In southern Israel 35.3% of locations possessed
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resistant barbata seedlings. One suggestion for the differences in 
the distributions of resistance between locations was that differences 
in the climate between the regions resulted in different selection on 
the host and that this was related to the time of year and stage of 
development that each species of host was at its most susceptible.
Studies by Burdon and Marshall (1981) on resistance of six 
species of Glycine to one single urediniospore isolate of the leaf 
rust fungus Phakopsora pachyrhizi indicated that there were no 
significant differences between the distribution of resistance in 
various populations of any of the host species. However, )/ a 
maximum of.jonVf&eee individuals of each species in each location (oas 
tested. The small sample size makes the comparison of locations 
difficult, since only very obvious differences would be detected. It 
is not possible to be sure that any differences between populations 
were real or whether the differences were due to great variation in 
the host population as a whole. The results tended to indicate that 
there were greater numbers of susceptible plants in drier inland areas 
of New South Wales and Queensland. It was postulated that these 
differences could be due to the lower levels of the pathogen detected 
in drier areas, thus reducing the level of selection for resistance 
in the host.
It is difficult to determine the importance of environment on 
selection for race specific resistance in groundsel. Although powdery 
mildews are able to tolerate relatively wide ranges of temperature and 
humidity (Yarwood, 1957), powdery mildew epidemics on cereals are said 
to be more prevelent in dry weather conditions (Boughey, 1949 , and 
Cherewick, 1944). There is a higher rainfall and showers are more 
frequent at Glasgow than at the N.V.R.S. so one might expect the 
incidence of powdery mildew on groundsel to be greater at N.V.R.S. 
However, this does not appear to be the case. Observations in the
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field indicated that the incidence of mildew was greater at Glasgow. 
Observations of mildew on the four 2 m x 4 m plots (Area GL1) before 
plants were harvested for seed in 1983, showed that the numbers of 
mildew infected plants were 27%, 56%, 35.5% and 86% on plots 1 , 2 , 3  
and 4 respectively. At N.V.R.S. none of the plants on the 17 m x 17 m 
plot (Area N2) were observed to have mildew in 1983 and only 8% were 
infected with mildew in 1984. On the evidence of these observations 
one may then expect that selection for mildew resistance would be more 
important at Glasgow. However, the numbers of resistant plants and 
resistance phenotypes were greater at N.V.R.S than at Glasgow. Also, 
the number of resistant infection scores recorded over all tests with 
N.V.R.S. and Glasgow plants showed that 36 out of 1735 combinations or 
2.1% were resistant in the case of the Glasgow plants whilst 208 out 
of a total of 2085 reactions tested or 10% were resistant in the case 
of the N.V.R.S. plants. It is possible to infer from, this evidence 
that race specific resistance is functioning more effectively at 
N.V.R.S. than at Glasgov/, since- race specific resistance is more 
common but the incidence of the pathogen is lower at the N.V.R.S. 
Hocoeoer, it must be stressed that an extremely small proportion of the 
possible number of phenotypes of both the pathogen and the host were 
examined in this study. The sheer diversity in the system, although 
interesting, does make it difficult to determine whether differences 
detected in the populations are artifacts due to the particular 
isolates and plants used in the study.
It is also possible that the incidence of mildew in the field at 
N.V.R.S. may have been underestimated. An examination of the 
frequencies of the various mean infection scores obtained in each of 
the four combinations of isolate and plant populations presented in 
Figs 7.10 and 7.11 indicated that a higher proportion of the infection 
types in the Glasgow population were between 3 and 4 compared to the
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N.V.R.S. population. Infection types below 3 would be harder to 
detect with the naked eye in the field so that these types of infected 
plants m y  be overlooked. Alternatively, the results may indicate 
that there are more plants at N.V.R.S. with partial resistance, or a 
relatively low level of susceptibility which m y  reduce the rate of 
progress of the mildew epidemic and so reduce the level of mildew 
incidence.
An examination of the different phenotypes detected in the 
groundsel populations tested with all 10 isolates revealed that 11 
resistance phenotypes (excluding the phenotype which is susceptible to 
all the isolates) occurred in the 98 plants from Glasgow. The 
population at N.V.R.S was found to have 23 different resistance 
phenotypes. Seven of the phenotypes were common to both populations 
indicating that there are similarities between the two populations as 
well as dissimilarities. It is possible that the patterns of 
resistance phenotypes are basically similar in both populations with 
only m t  occasional differences, such as the high frequency of plants 
with resistance to isolate G9 in the 17 m x 17 m plot at N.V.R.S.
186
7.4.3. The distribution of resistance within a population
There were indications that as the size of area sampled increased then
so did the number of different phenotypes detected in the groundsel
population. At Glasgow only one resistance phenotype was detected in
each of three individual 2 m x 4 m plots (Fig 7.2). Of the 100 plants
tested from the 4 plots (Area GL1) only 3 resistance phenotypes were
detected. Within the garden at Garscube (Area GL2, 100 m x 75 m) 52
plants were assessed and 3 phenotypes were detected using both the
N.V.R.S. and Glasgov/ isolates (Fig 7.3). When the area of sampling
2was extended to 1.2 km (Area GL3, Fig 7.4), 8 phenotypes were
detected in the 46 plants assessed. At N.V.R.S. a similar pattern was
2
observed with the sampling of area N3 (6 lan ) in 1984 revealing 16
different phenotypes (Fig 7.9). An increase in the number of
phenotypes such as this would be expected where the distributions of
various phenotypes are patchy.
Except for susceptibility to every isolate, the most common
resistance phenotype in the N.V.R.S. population exhibited resistance
to isolate G9 only. This phenotype was found predominantly within the
2
17 m x 17 m plot (Area N2) and the 1 m plot (Area N1, Fig 7.1). Two
other phenotypes were detected in area N2 in 1983 (Fig 7.6) and 5
others in 1984 (Fig 7.7). Eight additional resistance phenotypes were
2
detected in the 1 m area (N1). This illustrates the high degree of
heterogeneity in the groundsel population, even within ‘ \ an area as
2small as 1 m . The groundsel population possesses a mixture of 
resistance phenotypes, sane of which have resistance to several 
isolates.
7.4.4. The importance of race specific resistance in the pathosystem. 
Robinson (1982a) postulated that in a highly evolved pathosystem, where
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a gene-for-gene relationship applies, even where the number of genes 
involved is great, eventually each virulence phenotype in the pathogen 
will successfully establish itself on the matching resistance 
phenotype of the host, When each new resistance phenotype first 
appears it will have a selective advantage but after a period the 
resistance is likely to be overcome by the pathogen so that the 
phenotype no longer confers a selective advantage in hosts having that 
phenotype. Eventually the advantage of any particular resistance 
phenotype would tend to diminish. This appears to be the case in 
groundsel*, the majority of the groundsel population is susceptible to 
the majority of the mildew population. Particular resistance 
phenotypes were generally detected only once or twice in the 
population. This does not necessarily mean that race specific 
resistance is not important in this pathosystem. The complexity of 
the system would tend to reduce the incidence of disease at the host 
population level.
A complex system could also be advantageous to the pathogen. If a 
highly pa^bo^ic. form of the pathogen were to develop, then it is 
likely that some hosts would still survive, decreasing the likelihood 
of the virulent form destroying the whole host population and hence 
the pathogens1 food source. Increasing numbers of resistance genes in 
the host population may also select for complex virulence phenotypes 
capable of colonizing many different host phenotypes. However, there 
was no evidence that such selection leads to the development of a 
’super race1, ie a race possessing uvr^ Wr\ce:;c^ r\es]raatcW:r\o^  _ _ all the
resistance genes in the host. A 'super race' may occur in the mildew 
population but it does not appear to have a selective advantage or one 
would expect it to have become common and be detected even within the 
small samples such as those examined in this study. A 'super race' 
might only have a selective advantage if there was a high proportion
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of plants with all possible genes for resistance. There was no 
evidence from this study for the existence of such plants at a high 
frequency in the groundsel population, although plants were found 
which had an apparently complex resistance phenotype.
Partial resistance and tolerance are probably also of 
considerable importance in the defence strategy. Groundsel is 
considered to be a primary colonizer. Once an individual has became 
established in an area it is to its advantage that it should produce a 
large number of progeny of a similar phenotype as rapidly as possible 
to ensure a rapid colonization of that site before competitors also 
colonize the area. Groundsel is primarily an inbreeder and produces 
on average 46 fruits per capitulum and 25 capitula per plant (ie about 
1150 seed per plant) (Sali sbury, 1943). The species is ,therefore, 
well adapted to primary colonization. Likewise a pathogen, such as E. 
fischeri may be considered to be a primary colonizer. Once it lias 
become established on a host individual it would be advantageous to 
produce large numbers of similar progeny to ensure colonization of the 
host. It is also an advantage to the parasite in the long term to 
cause relatively little damage to the host so that the host may 
reproduce. The progeny of an individual plant will be of very similar 
phenotype to the parent and will tend to develop in close proximity to 
the parent, providing suitable hosts for the pathogen phenotypes 
colonizing the parent. It is possible that a balance has been 
achieved where both partial resistance and tolerance ensure that while 
conidia are produced to allow colonization of host progenies the 
damage caused by the pathogen is not so severe as to threaten the host 
to the detriment of both partners. The characteristics of partial 
resistance and tolerance may therefore provide advantages over high 
susceptibility for the pathogen as well as the host, since a host 
supply would be ensured. Even the most susceptible lines of groundsel
189
PLATE 5. Hea lthy f le f t ) and heavily mildew 
in fected (right) plants at maturity.
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survive a mildew attack (Plate 5.) and reproduce so it is likely that 
even these 'highly susceptible' plants exhibit some partial 
resistance, or tolerance. Selection for tolerance and partial 
resistance would probably operate in a similar way, both allowing 
host progeny to develop in order to be exploited by the progeny of the 
pathogen.
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8.0 A STUDY OF THE FREQUENCY OF MILDEW, RUST AND APHID INFECTIONS IN A 
NATURAL POPULATION OF GROUNDSEL.
8.1. Introduction.
Disease epidemics in natural populations have often been reported to 
cause relatively little damage to their host populations (Burdon,
1978 , Segal et al, 1980 , Browning, 1974.). However, studies by 
Kranz (1968a, 1968b) demonstrated that this was not always the case.
The extent of the damage caused by a pathogen depended on the 
particular host and parasite concerned. Some epidemics do lead to the 
devastation of the host. There are several well-known cases where 
pathogens have caused the destruction of natural host populations.
For example, the non-indigenous pathogen Ceratocystis ulmi (Dutch Elm 
disease) devastated Elm species in North America and Europe (Holmes,
1962). At the other extreme, sane parasites cause virtually no damage 
to their wild hosts. Verticillium albo-atrum is ubiquito* in 
groundsel yet produces virtually no symptons (Matta and Kerling,
1964). Occasionally, a pathogen is considered to be of sane benefit 
to the host. The systemic pathogen Epichloe typhina sterilizes its 
grass hosts by preventing the emergence of the inflorescence. The 
infected grasses tend to be more persistent than uninfected plants in 
pastures, supposedly having a greater vegetative vigour. It is 
postulated that this is because resources in the host are diverted 
away from flowering releasing a greater proportion for tiller 
production (Harper, 1977).
Where epidemics are relatively less severe in natural populations 
this has often been attributed to the greater diversity of natural 
plant canmunities (Burdon, 1978 , Burdon and Marshall, 1981). Not
193
only is there diversity of species in natural communities but, there 
may be tremendous diversity of genotypes within a particular species 
(Harlan, 1976).
The devastation caused by pathogens in crops has been attributed 
to the relative homogeneity of the host population (VandlerpWK,
1963). The widespread culture of a single variety of, for example, a 
cereal tends to produce conditions favourable to an epidemic.
Marshall (1977) also warned of the dangers of producing highly 
homogeneous crops from a relatively narrow gene base. This has led. 
to the idea of using cereal variety mixtures and multilines to control 
epidemics of pathogens such as the powdery mildews. The incidence of 
powdery mildew was found to be reduced in both barley varietal 
mixtures (White, 1982,, Wolfe et al 1981, Chin and Wolfe, 1984a,b) and 
wheat multilines (Fried et al 1979). The way the ultimate incidence 
of powdery mildew is thought to be reduced was different for the two 
pathosystems. In the barley mixture, where all components possessed 
resistance, there appeared to be little benefit at the beginning of the 
epidemic when the majority of the powdery mildew was from sources 
outside the crop. The most benefit was found in the mixture when the 
levels of inoculum from within the crop had reached a significant 
level but the crop canopy was not closed. During this time it is 
thought that the epidemic is curbed because a large proportion of the 
spores arrive on host genotypes they cannot infect (Wolfe and Minchin, 
1979 ,, Wolfe et al 1981). In the wheat multilines, where sane 
proportion of the multiline was susceptible to all mildew races, the 
powdery mildew epidemic was checked by a reduction in the initial 
amount of inoculum present in the crop. The rate of the mildew 
epidemic was not decreased significantly until the resistant component 
of the multiline reached 75% (Fried et al, 1979).
Host density is also thought to be of importance in regulating
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epidemic development. In many instances increased host density 
appears to increase the severity and rate of progress of an epidemic 
(Burdon, 1982b). Infection rates in celery by Cercospora apji.
(Berger, 1975) and infection of Lepidium sativum by Pythium 
irrequlare (Burdon and Chilvers, 1975b) are increased by host density. 
One would expect host density to be of importance where propagules of 
the pathogen are only dispersed over short distances as with soil 
fungi. However, there is also evidence that increasing densities of 
barley in controlled environment experiments increase the rate of 
powdery mildew epidemics (Burdon and Chilvers, 1976a). Natural 
communities are usually made up of several different species of hosts 
and non-hosts, so effectively the density of hosts is reduced. It is 
possible that the effective reduction in host density may be partly 
responsible for the reduction in epidemic severity in natural 
populations.
Probably the most important determinant of the rate of progress 
of an epidemic is the climatic conditions. Unless the environmental 
conditions are favourable for the growth and reproduction of the 
pathogen on the host there will be no epidemic. In the 1800's before 
the germ theory of disease had been discovered, many diseases caused 
by pathogens were thought to be a direct consequence of environmental 
conditions (Walker, 1969) because they were so strongly associated 
with those conditions. The effects of climate on the progress of many 
disease epidemics have been studied in detail and the information 
gained has made it possible to produce accurate disease forecast 
systems. Temperature, humidity and rainfall are often the most 
important climatic factors determining an epidemic.
Little is known about the incidence of Erysiphe fischeri on 
Senecio vulgaris in a natural population or the environmental 
conditions that affect it. Ben-Kalio (1976) found that the optimum
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temperature for conidial germination on glass slides was between 18°C 
and 28°C. Optimum temperatures for germ tube elongation lie between 
12°C and 18°C. The development of the fungus on the host is inhibited 
below 6°C and above 28°C. Conidial germination was relatively 
unaffected by humidity? germination was found to occur at relative 
humidities between 0 and 100% with an optimum at 90%. Thus, it 
appears that potentially, epidemics may occur within a wide range of 
climatic conditions.
Conditions suitable for other powdery mildews are also diverse. 
Cereal powdery mildews tend to be severe in cool, moist temperate 
climates in cconirlash to very arid hot climates. Last (1963) 
observed that powdery mildew (Erysiphe graminis) on wheat and barley 
was rarely severe in spring. Later in summer as the temperatures rose 
to more favourable levels^ disease incidence and severity were 
increasingly influenced by host nutrition and growth rate. Tapke 
(1953) found that cereals grown in the glasshouse during short days, 
with low light intensities and relatively cool temperatures, were more 
severly infected by powdery mildews than plants grown in longer, 
warmer and brighter days. The optimum temperature for wheat powdery 
mildew development was reported as 20°C by Futrell and Dickson (1954). 
However, plants appeared to be more susceptible at 14°C than 20°C and 
conidial production was also reported to be more profuse at 14°C than 
at 20°C by Last (1954).
Erysiphe cichoracearum on Trifolium spp (clover), has a higher 
optimum temperature for development of 24°C than most other mildews 
(Stavely and Hansen, 1966a). Thus, one may expect an epidemic on 
clover to occur at relatively high temperatures.
Other powdery mildews, such as, Erysiphe cichoracearum on 
cucurbits^ are favoured by dry atmospheric and soil conditions. The 
conidia are capable of germinating in relative humidities of below
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20%, though as with cereal powdery mildews, moderate temperatures, 
reduced light intensities and fertile soils encourage the growth of E. 
cichoracearum (Yarwood, 1957),
Cherewick (1944) observed that the development of several species 
of Erysiphe was impeded if the colonies were sprinkled with water, 
Yarwood (1939) postulated that rainfall and water sprays inhibited 
mildew by damaging the conidiophores.
An investigation of the incidence of Erysiphe fischeri on four 
plots was carried out at Glasgow over the summer of 1983. It was 
hoped that sane information would be gained on the natural incidence 
of mildew on groundsel. The time of year the epidemic progressed most 
rapidly and how this related to climatic factors such as rainfall and 
temperature, and factors such as host density were studied. It was 
also hoped that if a plot was subsequently found to have a low level 
of powdery mildew incidence then this may be related to higher levels 
of race specific resistance (See Chapter 7). However, it was 
subsequently demonstrated that the number of plants shown to have 
complete race specific resistance was too low on all plots to make 
valid comparisons. The incidence of rust (Puccinia lagenophora ) and 
aphids (Myzus persicae) were also recorded on each sampling date as 
they also occurred coca era n\ id.
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8.2. Materials and methods.
Populations of groundsel were studied in four plots, each of 2m by 4m, 
within the garden at Garscube, Glasgow (Area GL1). These were the
same plots sampled for the assessment of resistance to powdery mildew.
Plots 1, 2, 3 and 4 were ploughed on 24.4.83 and then lightly
2
raked on 10.5.83. Each of the plots was divided up into 32, 50 cm 
quadratex, using canes and twine. Hie plots were examined 2, 4, 6, 8 
and 12 weeks after the plots were raked. On each sampling date 15 
quadrats;s on each plot were chosen using random numbers. For each 
quadratt the number of groundsel plants, their stage of development 
and whether or not they were colonized by mildew, rust or aphids was 
recorded.
For the purposes of the analysis the development of plants was 
classified into 7 stages as follows:
Stage 1. Plants with one or two true leaves.
Stage 2. Plants with three or four true leaves.
Stage 3. Plants with five or more true leaves but no visible sign
of flowers in bud.
Stage 4. Plants producing flower buds.
Stage 5. Plants in flower.
Stage 6. Plants seeding.
Stage 7. Plants in later stages of seeding and in advanced stages 
of senescence.
Meteorological data from Glasgow (Abbotsinch) Airport, obtained 
from the Meteorological office, Edinburgh are given in Appendix Table
8.1 and were used as an indication of the weather conditions during
198
the investigation.
8.3. Results.
8.3.1. The development of the groundsel population.
Hie mean frequencies of groundsel plants on each plot for each 
recording date are given in Table 8.1 and Fig 8.1. Plots 1 and 2 
produced fewer plants than plots 3 and 4. The frequency of groundsel 
on all plots tended to increase to a maximum 6 to 8 weeks after the 
plots were raked and then began to decline in August.
The distribution of groundsel on plot 3 was uneven, the frequency 
of plants detected at week six was lower than expected because the 
majority of the quadrates fell in thinly populated areas of the plot. 
On the other occasions the quadrats, effectively represented all areas 
on the plot.
8.3.2. The frequency of groundsel infected with mildew.
The mean percentage frequencies of plants colonized with mildew on 
each plot at each recording date are given in Table 8.2 and Fig 8.2. 
The levels of mildew detected in the plots were very low until after 
the eighth week when there was a rapid increase in all plots. The 
rates of mildew increase from week 8 to week 12 were 6.5% (Plot 1), 
14.5% (Plot 2), 9.1% (Plot 3) and 23% (Plot 4) per week. Plot 4 with 
the greatest density of groundsel possessed a higher proportion of 
plants infected with mildew than plot 1 with the smallest population 
of groundsel. Plot 3 showed a relatively low level of mildew in 
relation to the number of groundsel plants on the plot. This 
discrepancy may have resulted from the uneven distribution of the 
host.
The mean percentage of plants infected with mildew at each stage
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Table 8.1 Mean frequency of groundsel per plot
Weeks after 
Exp start
Plot
Mean
1
Se
Plot
Mean
2
Se
Plot
Mean
3
Se
Plot
Mean
4
Se
2 0.7 0.23 0.1 0.07 6.6 0.93 7.8 0.93
4 2.5 0.62 4.9 0.64 16.1 2.64 16.7 1.70
6 2.7 0.43 6.5 0.58 11.1 1.36 19.5 2.49
8 2.2 0.38 7.7 0.48 16.5 2.32 18.3 1.96
12 1.7 0.36 6.4 0.47 9.4 1.19 12.7 1.05
Table 8.2 Mean % plants with mildew infection
Weeks after 
Exp start
Plot 1 
Mean Se
Plot
Mean
2
Se
Plot
Mean
3
Se
Plot
Mean
4
Se
2 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
4 0.0 0.00 0.0 0.00 0.9 0.94 0.0 0.00
6 0.0 0.00 0.0 0.00 0.0 0.00 1.8 1.27
8 2.2 2.17 0.0 0.00 0.4 0.44 1.5 0.65
12 27.6 10.28 58.3 4.86 36.6 5.00 93.6 2.08
Table 8.3 Mean % plants at each stage of development with mildew 
infection
Stage of 
development
Plot 1 
Mean Se
Plot 2 
Mean Se
• Plot 
Mean
3
Se
Plot
Mean
'4
Se
1 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
2 0.0 0.00 0.0 0.00 0.0 0.00 2.9 2.18
3 0.0 0.00 0.0 0.00 0.0 0.00 4.5 2.59
4 6.3 5.33 0.0 0.00 1.4 1.35 4.4 3.11
5 22.2 14.70 0.0 0.00 1.7 1.72 16.3 5.53
6 28.8 13.54 59.8 6.16 21.7 5.53 52.5 8.88
7 0.0 0.00 56.7 7.82 33.7 7.67 89.3 5.80
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of development is given in Table 8.3. The results are also presented 
graphically in Fig 8.3. Plants at stage 4 or earlier appear to be 
less susceptible than the later stages, when plants are in flower. 
However, the development of plants tended to be synchronised so that 
at each observation the majority of the plants were at a similar stage 
of development. The apparent resistance of the younger growth stages 
may have been due to a lack of inoculum early in the year.
8.3.3. The frequency of groundsel with rust infections.
Table 8.4 and Fig 8.4 gives the mean percentage of plants infected 
with rust (Puccinia lagenophora.:) on each plot. The first incidence 
of rust was recorded before that of the mildew but it was not until 
after week 8 that there was a substantial increase in the incidence of 
rust infection. There was a rapid increase of rust between week 8 and 
12. The rates of rust increase during this period on plots 1, 2, 3 
and 4 were 1.3%, 25%, 21.5% and 19.5% per week respectively. A 
suprisingly low number of plants on plot 1 became infected with rust, 
but this may have been related to the low frequency of groundsel on
the plot, slowing the rate of development of the rust epidemic.
Table 8.5 and Fig 8.5 give the mean percentage of plants infected 
with rust at each stage of development on each plot. The plants 
appeared to be more susceptible to rust at or after flowering.
8.3.4. The incidence of plants infected with both rust and mildew.
The total number of plants recorded over the whole of the experimental 
period that were found to be colonized by mildew or rust or both are 
shown in Table 8.6.
Table 8.6. The numbers of plants with mildew and rust.
Plants with Plants with Plants with Plants without Total plants
mildew only rust only both infection assessed
38 174 259 2084 2555
Table 8.4 Mean % plants with rust infection
Weeks after 
Exp start
Plot
Mean
1
Se
Plot
Mean
2
Se
Plot
Mean
3
Se
Plot
Mean
4
Se
2 0 0 0 0 0 0 0 0
4 0 0 0 0 0 0 0 0
6 0 0 1.1 1.08 6.7 3.27 0 0
8 0 0 0 0 6.7 3.34 11.3 3.22
12 5.2 3.64 100 0 91.6 3.33 39.4 4.10
Table 8.5 Mean % plants at each stage of development infected with rust
Stage of 
Development
Plot
Mean
: 1
Se
Plot 2 
Mean Se
Plot 3 
Mean Se
Plot
Mean
4
Se
1 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
2 0.0 0.00 0.0 0.00 0.0 0.00 2.0 1.96
3 0.0 0.00 1.9 1.85 3.2 2.24 4.1 2.43
4 0.0 0.00 0.0 0.00 0.9 0.90 0.5 0.39
5 0.0 0.00 0.0 0.00 10.7 4.97 18.1 5.47
6 10.4 7.00 100.0 0.00 59.7 10.90 76.2 7.99
7 0.0 0.00 100.0 0.00 91.5 18.17 83.2 5.82
Table 8.7 Mean % groundsel with aphids
Weeks after 
Exp start
Plot 1 
Mean Se
Plot 2 
Mean Se
Plot
Mean
3
Se
Plot
Mean
4
Se
2 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
4 8.3 6.06 1.8 12.4 13.7 4.19 25.3 4.60
6 0.00 0.00 1.5 1.16 12.4 2.93 32.4 4.56
8 9.4 6.80 11.7 3.96 73.2 6.13 28.9 4.35
12 63.0 11.31 29.7 6.35 17.1 4.93 22.8 4.75
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There was a highly significant (P < 0.001) association between rust
o
and mildew infection (X. = 1,179.0).
8.3.5. The frequency of groundsel colonized by greenfly.
Table 8.7 and Fig 8.6 give the mean percentage of groundsel plants 
colonized with aphids on each plot on each recording date. The 
occurrence of aphids tended to be variable, which was to be expected 
since they are capable of being mobile and of showing host preference.
Aphids appeared earlier than either the mildew or rust and their 
incidence showed signs of levelling off in August towards the end of 
the investigation period. Table 8.8 and Fig 8.7 give the mean 
percentage of plants colonized by aphids at each stage of development. 
Generally, the incidence of aphids increased as plants developed, 
however, by the time the plants had reached stage 7 and were dying, 
the incidence of colonization had declined.
8.3.6. The effects of climatic conditions on the incidence of mildew, 
rust and greenfly.
The mean rainfall, mean maximum temperature and mean minimum 
temperature per day for the period before and including each recording 
date were calculated from the meteorological data and given in Table
8.9. The data is also presented graphically in Figs 8.8 and 8.9.
Daily rainfall tended to decrease over the sampling period, whilst, 
mean maximum and minimum temperatures of the preceeding 14 days tended 
to increase.
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Table 8.8 Mean % frequency at each stage of development with aphids
Stage of Plot 1 Plot 2 Plot 3 Plot 4
Development Mean Se Mean Se Mean Se Mean Se
1 0.0 0.00 0.0 0.00 0.0 0.00 2.0 1.45
2 2.5 2.50 2.3 1.57 2.7 2.63 1.6 1.05
3 9.5 6.56 1.9 1.85 17.8 5.74 11.8 2.57
4 7.8 7.76 11.4 3.71 30.4 6.06 38.8 5.45
5 4.4 17.57 0.0 0.00 48.5 7.73 59.8 5.20
6 76.0 11.94 29.2 8.37 54.7 10.62 48.0 7.77
7 0.0 0.00 30.1 9.94 19.3 7.52 8.5 3.89
Table 8.9 The mean rainfall, maximum temperature and minimum
temperature per day, for the period before and including 
each sampling date
Weeks after Mean rainfall/ Mean Max Mean Min
Exp start day Temp/day Temp/day
Mean Se Mean Se Mean Se
2 2.36 0.847 13.4 0.46 6.0 0.55
4 2.50 1.427 14.0 0.90 6.7 0.64
6 1.38 0.603 17.4 0.89 9.0 0.58
8 1.07 0.709 17.3 0.72 9.9 0.49
12 0.46 0.194 22.2 0.66 11.7 0.53
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8.4. Discussion.
The incidence of Erysiphe fischeri did not become substantial until 
relatively late in the season, in July and August. A combination of 
three possible factors may have delayed the onset of the epidemic:
1. The conidial inoculum available early in the season was probably 
very low.
2. Plants at an early stage of development may be less susceptible 
than older plants (See Chapter 3).
3. High rainfall and lower temperatures in early summer could have 
discouraged the development of an epidemic.
The sexual stage of Erysiphe fischeri has not been identified in Great 
Britain so it is assumed that the pathogen overwinters as myceliun ■ or 
conidia on groundsel plants. Colonies of mildew on leaf discs on 
benzimidazole agar were found to remain capable of producing viable 
conidia for up to 6 wks in an illuminated cold room at 4°C. The 
length of time the mildew colony remained viable depended on how long 
the leaf segments survived. After a period of time the benzimidazole 
was no longer effective in preventing leaf senescence and the leaves 
eventually succumbed to bacterial rots. Colonies on leaf discs were 
also viable after they had been in the freezing compartment of a 
fridge at approximately 0°C for a week. Deep freezing at 
approximately -28°C destroyed the colonies and leaf discs. It appears 
that Erijsiphe fischeri is capable of overwintering in Britain provided 
that the host also survives. Host and pathogen can survive at 0°C 
and it is likely they can withstand lower temperatures although not 
-28°C.
Relatively few groundsel plants tend to overwinter. The majority of
2 K
such plants are quite young, and are probably autumn-sown progeny of 
the main 'flush1 of groundsel of the summer or seeds from the seed 
bank brought to the soil surface by autumn cultivations. At the 
beginning of spring there are relatively few groundsel plants available 
and these tend to be immature plants that have overwintered.
Therefore, not only is there a tendency for initial mildew inoculum to 
be scarce but host tissue is also scarce and probably atou relatively 
resistant stage of development. Time is required for sufficient 
mildew inoculum to bui ld up and initiate epidemics.
Rainfall was frequent early in the season; there were only 8 days 
in the first 6 weeks of the trial when it did not rain. During the 
second six weeks, when mildew developed, there were 16 days without 
rain. Maximum and minimum temperatures were favourable to mildew at 
all times although they were relatively low at the beginning of the 
season. Rainfall was probably the most important environmental factor 
affecting epidemic development. It is noteworthy that rain made 
examination for mildew difficult since mildew would tend to be washed 
fran the plants. Observations made on plants soon after rain may have 
underestimated the amount of mildew present. It appears that E. 
fischeri responds in a similar way to climatic factors as E. 
cichoracearum (Yarwood, 1957 ,, Cherewick, 1944) which is discouraged 
by rain.
There was sane evidence indicating that greater densities of 
groundsel were more favourable to more rapid mildew epidemic 
development. Burdon (1982k) has also found evidence of this in other 
pathosystems. However, the results produced in the present study are 
based on field observations where inoculum levels were not controlled. 
Although the plots were within 100 m of each other it is highly likely 
that they did not receive the same amount of mildew inoculum. The 
frequency of other plant species on the plots were not recorded:
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numbers of non-host species in the population may affect the spread of 
the epidemic.
The numbers of plants infected with both mildew and rust were far 
more frequent than expected. This was suprising since rust was 
expected to be more frequent in wet conditions in contrast to mildew.
The rust epidemic started slightly earlier than the mildew 
epidemic. This was partly to be expected as rust spores require free 
water to germinate. The incidence of rust was greater on mature 
groundsel but other casual observations indicated that seedlings did 
become infected with rust more frequently than they did with mildew. 
The incidence of rust tended to be greater than the incidence of 
mildew. This may have been a reflection of an earlier onset of the 
epidemic, but it may also indicate that the groundsel populations were 
more susceptible to rust. Rust may in fact impose stronger selection 
for resistance in the host than mildew, since it tends to produce more 
damaging infections and can be lethal to the seedling host. Paul and 
Ayres (1984) studied the effects of Puccinia lagenophora and water 
stress on photosynthesis and the water relations of groundsel. 
Infection with rust increased the detrimental effects of water stress 
on photosynthesis and water use efficiency in the host. Therefore, 
under drier summer conditions rust is more likely to be detrimental to 
the host population.
The incidence of Myzus persicae in the plots was more variable 
than the incidence of rust or mildew. Aphids appeared before rust or 
mildew. There was a tendency for aphid infestations to decline when 
plants became senescent. The incidence of aphids has been reported to 
behave in a similar way on other host species (Van Emden et al,1969). 
Aphids are capable of showing a preference for different host tissues 
and Jepson (1982) found that apterous Myzus persicae on sugar beet 
made repeated leaf to leaf movements. These movements were related to
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particular stages of development of the host. Aphids tended to settle 
on the youngest plants when essential amino acids and sugars were at 
the highest concentrations or on the plants at a later stage of growth 
when maximum rates of photosynthesis were occurring. On lettuce, 
Eenink and Dieleman (1980) found that younger plants were more 
resistant to Myzus persicae than older plants. The information from 
the plots of groundsel suggested a similar pattern. The sample dates 
on which the highest incidence of aphids occurred coincided with plant 
maturity.
Aphids had been a problem in the glasshouses at Glasgow and 
..occasionally in the growth roans. Observations indicated that 
groundsel was most likely to be killed by aphids after flowering. 
Occasionally plants were destroyed at the seedling stage. Groundsel 
is far more affected by aphids than by rust or mildew, with 
infestations often resulting in the death of the host. One may, 
therefore, expect that there would be stronger selection for 
resistance to aphids in groundsel than to either rust or mildew.
There was sane evidence that seme groundsel lines were more severely 
affected than others suggesting that there may be sane specificity in 
the relationship between the host and the aphid. Differences in 
resistance to different biotypes of ahid have been reported in other 
host species including lettuce (Eenink and Dieleman, 1982); it is 
possible that a similar situation may occur in groundsel.
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9.0 THE GERMINATION AND DEVELOPMENT OF ERYSIPHE FISCHERI SPORELINGS.
9,1 Introduction
The gemination of powdery mildew conidia and the development of 
sporelings have been extensively studied in barley and wheat. The 
gemination of Erysiphe graminis hordei and EL_ graminis tritici on 
their respective hosts, is essentially very similar. After the 
production of a g e m  tube, the sporelings may develop through a number 
of easily identifiable stages. The stages have been described by 
Ellingboe (1972), and McCoy and Ellingboe (1966) for barley mildew.
Masri and Ellingboe (1966) described similar stages for wheat powdery 
mildew, and were as follows:
1• Formation of appressorial initials.
2. Maturation of appressoria.
3. Formation of a penetration peg which penetrates the host cuticle 
and epidermal cell wall.
4. Formation of haustorium in the epidermal cell.
5. Formation of a secondary hyphar which elongates and is capable of 
initiating secondary appressoria and haustoria.
In barley p6co^ ;en^ :ira\V^ ^^  r£,tru6tures;lca\\ec^ - primary
<^ erferiW^ esev7|Kc\s?«:Lta\sol bi^e-T^teWeroe^Ie^WpsWto^t anci ArcVer, j 
kdfr'oVi; e&:cx 1^ 2^ 17v7i)3.. These develop at the opposite end of the conidium 
from the appressorial foming gem tube. The small initial primary 
gem tube produces no appressorium but it does fom a contact with the 
host. It produces a papilla, the production of which is thought to be 
critical for the successful penetration of the host from the 
appressorial foming g em tube.
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The germination of cucumber powdery mildew (fh_ cichoracearum) is 
similar to that of the cereal powdery mildews, but germination is , 
slower, taking 14 h for the germ tube to emerge, as opposed to 1 h.
The haustoria have a different appearance, the finger-like processes^ 
observed in the cereals^ curl around the central body in E.cicVioraQsaram 
to a
The development of powdery mildews on resistant plants has been 
studied in an effort to determine mechanisms of disease resistance and 
also to distinguish the action of different resistance genes.
Sporeling development on non-hosts is halted at different stages 
depending on the powdery mildew studied and the non-host species.
Staub et al (1974) observed that the development of E^ cichoracearum 
was halted just after the appressorial stage, without penetration of 
the non-host. Johnson et al (19.82) suggested that the further 
germling development was able to progress on the non-host, the closer 
the host and non-host species were reWceA'T. itcxxdno n i’ca \l ^ .
The effect of complete or ‘major1 genes for resistance has been 
extensively studied on the development of cereal powdery mildews.
Masri and Ellingboe (1966a) found that different genes for resistance 
in barley and wheat halted the development of powdery mildew germlings 
at different stages. Often more than one stage of development was 
affected by each resistance gene. In most cases, the development of 
the germling was not affected until the haustorial stage. Depending 
on the gene involved, haustorial development was delayed, distorted,or 
a hypersensitive response was initiated in the host that restricted 
further development of the sporeling. However, seme genes were not 
expressed until the mildew colony was ready to sporulate. Sporulation 
was then inhibited completely or severely reduced.
White and Baker (1954), investigating powdery mildew of barley, 
found that the proportion of sporelings forming haustoria was related
urancAub In ? Qppeara rscel sO&\jauV> oh a\, W U ) .
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to the ultimate infection score of a particular variety. Masri and 
Ellingboe (1966) found that the proportion of sporelings forming 
elongating secondary hyphae m s  also related to the ultimate infection 
score. The frequency of elongating secondary hyphae could be used to 
distiguish the two host/ parasite genotypes P1/Pm1 and P4/Pm4 in the 
wheat and Erysiphe graminis tritici system. Stuckey and Ellingboe 
(1974) found that the frequency of elongating secondary hyphae could 
be used to distinguish the reactions of six different resistance 
genes, thought to be allelic, in barley to graminis hordei. 
Slesinski and Ellingboe (1970) attempted to distinguish between the 
three compatible host/parasite genotypes possible with a gene-for-gene 
interaction in wheat. The incompatible genotype, P1/Pm1 gave a 
significantly lower proportion of sporelings producing elongating 
secondary hyphae. The numbers of sporelings producing elongating 
secondary hyphae with the three compatible genotypes p1 /Pm1, p1 /pm1 
and P1 /pm1} was similar.
The effects of race non-specific resistance on conidial 
germination has also been studied. Carver and Carr (1977) studied the 
resistance of several oat cultivars and wild relatives of oats to E. 
graminis avenae. As with major resistance in wheat and barley, 
resistance was first expressed at the infection peg stage where there 
was a significant reduction in the numbers of spores producing 
infection pegs.
The effects of partial resistance in barley on the germination of 
E. graminis hordei (jere found to be .due to the failure of the majority 
of the conidia to produce secondary elongating hyphae (Asher and 
Thomas, 1983). Thus, colony establishment was arrested at a very 
early stage of development, a characteristic of many major genes for 
resistance. Hypersensitivity and host cell collapse was mainly 
associated with major gene resistance. However, hypersensitivity did
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appear in sane partially resistant reactions and, suprisingly, in the 
most susceptible reactions, suggesting it to be a generalised 
resistance mechanism. The difference between partial and major gene 
resistance appeared to be only in the magnitude of their effects on 
each stage of germling development including the frequency of 
sporelings producing elongating secondary hyphae.
An investigation was made of sporeling development of E. 
fischeri, isolate G8, on three groundsel lines 8a, 4h and 9a. Line 8a 
was highly susceptible, 4h was partially resistant and 9a was highly 
resistant to this isolate. In this way, the stage of infection at 
which resistance was expressed could be determined and a comparison 
made between the effects of partial and canplete resistance on 
sporeling development.
9.2. Materials and methods.
Approximately 24 h before inoculations were to be made, conidia were 
gently blown from suitable colonies of isolate G8 using a pipette.
This ensured that the spores used to inoculate leaf discs were no more 
than 24 h old so that % viability was likely to be high. Thirty-six 
leaf discs from each of the lines 4h, 8a and 9a were cut from mildew 
free plants using a 5 mm cork borer. Three discs of each line were 
placed at randan in small Pyrex Petri dishes approximately 4 cm in 
diameter. Each dish contained benzimidazole agar. Thus, twelve 
dishes, each with a total of nine leaf discs were prepared.
The discs were inoculated using a small version of a settling 
tower, Fig 9.1. The settling tower consisted of two brass tubes 6 cm 
in diameter and 10 cm in height placed on top of one another. The 
brass tubes were m m  under a cold tap to reduce static charge on them, 
before they were assembled. The Petri dish to be inoculated was
2 22
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placed in the bottom half of a 9 cm plastic Petri dish with a little 
water in. The brass tubes were placed over the small Petri dish but 
within the larger dish. A 9 cm Petri lid with a hole in the centre 
was placed on top of the tower as a lid. A leaf segment with a colony 
of isolate G8 was attached to a flat plastic plantacd slid between 
the two brass tubes so that the colony was facing upwards and over the 
centre of the dish to be inoculated (See Fig 9.1). A long pipette was 
attached to the rubber hose of the outward airflow of an air pump 
which had a timer attached. The air flow from the pump was gentle to 
avoid the tendency of spores to clump. The pipette was lowered 
carefully into the settling tower so that it was about 3 cm above the 
mildew colony. The colony was given 5 one second bursts of air. The 
tower was then left for the conidia to settle for at least 20 minutes.
The lids were placed on the small Petri dishes and incubated at 
15°C with a 12 h photoperiod. At 24 h, 48 h and 74 h after 
inoculation, 4 Petri dishes were removed. The leaf discs were removed 
immediately and fixed in isopropanol by a method similar to that of 
Staub et al (1974). The leaf discs were placed in a watch glass on a 
drop of water, just big enough to prevent the discs from drying out 
and the watch glass placed in a crystallising dish with a small amount 
of isopropanol in the bottom. The lid was placed on the crystallising 
dish so that the atmosphere surrounding the discs became saturated 
with isopropanol. Isopropanol is highly inflammable so the dishes 
were placed in a fume cupboard. Isopropanol was added to the dishes 
as necessary until the leaves were cleared. This usually took 2 - 4  
days depending on the plant line used.
Once the leaf discs were cleared they were transferred to glass 
slides and stained with a drop of 1% Aniline blue solution. Sane 
conidia were successfully examined using Nomarsky interference 
contrast optics, but in the majority of cases staining was required.
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The margins of the discs were avoided by only examining the area of 
disc that was at least one microscope field from the edge of the disc. 
The area examined encompassed 24 fields on each disc, and
12 discs of each plant line for each incubation period were recorded.
After the leaf discs were removed from the Petri dishes for 
fixing, the agar was immediately examined under a light microscope at 
x 16 magnification to observe any conidia germinating on the agar.
The stages of development were recorded from fifteen fields of view 
per Petri dish.
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9.3. Results
9.3.1 The stages of sporeling development.
Conidial germination and sporeling development of Erysiphe fischeri 
followed a paiW<Slsin{W3>6:^ at reported for the cereal powdery midews. 
However, there was an important exception. There were no indications 
that the first germ tube functioned as a primary germ tube as has been 
observed in E. graminis hordei (Woolacott and Archer, 1984). Where 
conidia made successful infections the pattern of germination was as 
follows.
i >v- ■v
1. A small germ-tube initial, otherwise known as a primordiuro, 
developed.
2. A germ-tube then developed from the initial.
3. An appressorium was then produced.
4. The appressorium then produced a peg.
5. A haustorium then developed, which was usually round with a ragged 
edge and had a granular appearance.
6. Secondary hyphae were then produced, indicating a successful 
infection.
7. Later these hyphae generally produced secondary haustoria and 
started to branch, forming a •, ■ o; i colony.
Multiple germ-tubes were common on the susceptible groundsel 
line, 8a. The second germ tube was not observed until after 48 h, 
obviously some hours after the first one. This indicated that 
additional germ tubes may be produced sequentially not simultaneously.
Abnormal germination tended to be more frequent on the agar than 
on the leaf discs. Germ tubes had a tendency to branch on agar and 
produced appressoria with processess, which were presumably abortive
2 2 6
attempts to produce infection pegs and haustoria.
The total number of conidia reaching each stage of sporeling 
development on each of the plant lines 8a, 4h, 9a and on the agar 
surface are given in Figs 9.2, 9.3 and 9.4 for the incubation periods 
24 h, 48 h and 74 h respectively. Chi squared analysis was carried 
out on the data to compare values where appropriate.
9.3.2. The germination frequency.
A conidium was said to have germinated when it had formed a 
primordium. There was no significant difference between the numbers 
of conidia germinated on the three plant lines 8a, 4h and 9a.
Germination frequency on the agar controls was significantly 
greater than on any of the plant lines, after 24 h and 48 h of 
incubation. However, by 74 h there was no significant difference 
between any of the plant lines and the agar, see Table 9.1.
Table 9.1 Number of conidia germinating on agar in comparison to each 
plant line.
2Time Comparison X  
24 h AG v 8a 4.1
24 h AG v 4h 11.5
24 h AG v 9a 10.5
48 h AG v 8a 7.2
48 h AG v 4h 5.0
48 h AG v 9a 8.1
AG = Agar surface.
9.3.3. Number of conidia producing primordia only.
There were no significant differences between the number of conidia
producing primordia on the three plant lines at 24 h or 74 h
incubation. However, at 48 h incubation there were significant
2
differences between lines 8a and 9a (% = 15.1, P < 0.001), and 
between 4h and 9a (X^  = 8.9, P < 0.01), but not 8a and 4h.
Initially there were no significant differences between the
Probability.
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<0.01
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number of conidia producing primordia on the agar surface or any of
the plant lines. By 48 h there were significantly fewer conidia with
2
primordia on the agar controls than on 8a (X = 6.5f P < 0.05) but not
4h and 9a, indicating that more spores were beginnmo^ to germinate on
the susceptible line, 8a. However, a closer examination of the data
suggests that germination was slower on line 8a than on any of the
other lines since 35% of the total number of conidia germinated on
line 8a had only reached the primordial stage whilst on lines 4h, 9a
and the agar surface the percentages of spores remaining at the
primordial stage coere 21%, 6% and 10% respectively. By 74 h incubation
there were no significant differences between the proportion of
conidia with primordia on any of the plant lines but there were
significantly fewer conidia remaining at the primordial stage on the
2agar thanonar^of the lines (X = 8.8, P ■- 0.05).
9.3.4. Number of conidia producing germ tubes.
After 24 h incubation, significantly more conidia had produced germ
2tubes on the susceptible line 8a than on the intermediate 4h (% =
7.3, P < O.Q't), There were no significant differences between 8a and
9a, or 4h and 9a. By 48 h there was no significant difference between
the three plant lines and this was maintained at 74 h.
The numbers of conidia producing germ tubes <jere significantly
2greater on the agar controls than on 4h (X -  14.1, P < 0.001) and 9a
2
(X = 7.6, P < 0.01), but not on 8a at 24 h. By 48 h the number on 
the agar controls was significantly greater than on any of the plant 
lines (8a,X2 = 17.4, P -<0.001: 4h,X2 = 9.4, P < 0.01: 9a,X2 = 4.9, 
P < 0.05). By 74 h there was no significant difference between the 
agar controls and any of the lines.
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9.3.5. The number of conidia producing multiple germ tubes.
Table 9.2 gives the numbers of spores producing 1 , 2 , 3 and 4 or more 
g e m  tubes at each incubation period.
Table 9.2. The total number of spores producing 1 , 2,3 and 3 or more 
gem-tubes.
Values for multiple gem tubes include the data from 1,2 or 3 g e m  
tubes.
PLANT LINE
V,
Time = 24h
. Susc 
8a
Intern V, 
4h
. Res 
9a
Agar
AG
Total no of 
spores
170 170 98 74
1 gem tube 56(33%) 34(20%) 23(24%) 32(43%)
2 g em tubes 0 0 1 (1%) 0
3 g em tubes 0 0 0 0
4 or more 
g e m  tubes
Time = 48 h
0 0 0 0
Total no of 
spores
142 150 80 69
1 g em tube 57(40%) 74(49%) 44(55%) 50(72%)
2 gem tubes 26(18%) 6(4%) 1(1%) 1(2%)
3 g em tubes 10(7%) 1(1%) 0 0
4 or more 
g e m  tubes
Time = 74 h
0 0 0 0
Total no of 
spores
152 149 126 61
1 gem tube 96(63%) 94(63%) 89(71%) 49(80%)
2 gem tubes 51(34%) 14(9%) 2(2%) 2(3%)
3 g em tubes 36(24%) 6(4%) 1(1%) 0
4 or more 
g e m  tubes
20(13%) 3(2%) 1(1%) 0
V. susc = Very 
resistant.
susceptible, Intern = Intermediate, V,
Conidia with multiple g e m  tubes were first observed in the 48 h 
of incubation treatment. Conidia on the susceptible line 8a tended 
to produce more g e m  tubes than those on the other two lines or on the 
agar. This indicates that a second g e m  tube is more likely to 
develop when the first has made a successful penetration.
2At 48 h there were significant differences between 8a and 9a (%
2 3 2
= 13.9, P = 0.001), and 8a and 4h (X^  = 13.9, P < 0.001), but not
between 4h and 9a, in the number of conidia with 2 germ tubes.
Similar differences were found with respect to conidia that produced 3
2
germ tubes ie more conidia on 8a produced 3 germ-tubes than on 4h (X 
= 8.2, P < 0.01) but this time no conidia on 9a produced 3 germ tubes. 
At 48 h none of the conidia had produced more than three germ tubes.
By 74 h there were significant differences between all three 
lines with respect to the production of two germ-tubes. The highest 
proportion of conidia with two germ tubes cjols- found on 8a, with 
slightly fewer on 4h and fewer still on 9a and the agar. The numbers 
of conidia producing 3 germ tubes and 4 or more germ tubes were 
significantly greater on 8a than 9a or 4h. However, there was no 
significant difference between 4h and 9a. See the Table 9.3.
Table 9.3. Chi squared values for comparisons of numbers of germ \mWs.
Time Comparison iC
I
Probability
74 h 8a v 4h (2 germ tubes) 31.6 <0.001
74 h 8a V- 9a (2 germ tubes) 45.6 <0.001
74 h 4h v 9a (2 germ tubes) 6.3 <0.05
74 h 8a v 9a (3 germ tubes) 31.3 <0.001
74 h 8a v 4h (3 germ tubes) 24.2 <0.001
74 h 8a v 9a (4 or more) 15.1 <0.001
74 h 8a v 4h (4 or more) 13.7 <0.001
9.3.6. Number of applied conidia reaching the stage of appressorium 
formation.
By 24 h, a significantly higher proportion of the applied conidia had
2produced an appressorium on line 8a than line 4h(X =11.9, P <
0.01). There were no significant differences between 8a and 9a, or 4h 
and 9a. By 48 h of incubation there were no significant differences 
between the number of sporelings producing appressoria on any of the 
plant lines.
At 24 h, 48 h and 74 h significantly more sporelings germinating
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on the agar controls produced appressoria than on any of the plant 
lines. See Table 9.4*
Table 9.4. Chi squared values for comparisons of numbers of 
appressoria.
Time h Plant lines X2, Probability.
24 00 V 8a 4.0 <0.05
24 00 V 4h 24.2 <0.01
24 00 V 9a 8.6 <0.01
48 00 V 8a 6.6 <0.05
48 00 V 4h 5.5 <0.05
48 00 V 9a 11.9 <0.001
74 00 V 8a 16.3 <0.001
74 00 V 4h 15.2 <0.001
74 00 V 9a 22.1 <0.001
9.3.7. Numbers of applied conidia reaching the stage of peg formation.
By 24 h there were significant differences ar^ o ^numbers of applied
conidia producing pegs on the plant lines. More pegs were produced on
2
line 8a than on 4h (X. = 6.5, P < 0.05). Surprisingly, sporelings on
9a produced more pegs than on 8a or 4h, although the difference was
only significant between 4h and 9a 0<? -  11.2, P < 0.001).
At 48 h there was no significant difference between any of the
plant lines. At 74 h differences between the lines were again
2apparent. More sporelings had developed pegs on 9a than 8a (X
13.1, P < 0.001) and on 4h CX? = 5.6, P^ C 0.05). The least number of 
pegs were produced on 4h.
The sporelings germinating on the agar rarely produced pegs.
This indicates that the presence of plant tissue may be necessary to 
stimulate the development of pegs.
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9.3.8. Number of applied conidia reaching the stage of haustorium 
development.
No structures resembling haustoria were produced by sporelings on the 
agar.
Sporelings on all plant lines had produced haustoria by 24 h but 
there was no significant difference between plant lines. By 48 h, 
significantly more applied applied conidia resulting in sporelings on 
line 8a had reached the stage of producing an haustorium than on line 
4h (X.2 = 7.9, P < 0.01) and 9a (X^  = 5.0, P < 0.05). The percentage 
of sporelings producing haustoria on lines 9a and 4h was about the 
same being 15%. At 74 h, again there was a significant difference 
between the plant lines. More sporelings on 8a produced haustoria 
than on 4h (X2 = 10.1, P < 0.01) and on 9a (X2 = 8.0, P < 0.01). The 
percentage of applied conidia resulting in sporelings producing 
haustoria on 4h and 9a were 18% and 19% respectively, effectively 
there was no significant difference between them.
9.3.9. The number of applied conidia reaching the stage of producing 
secondary hyphae.
None of the sporelings on agar produced secondary hyphae. By 24 h
very few sporelings on the leaves were producing secondary hyphae.
Only one out of 170 applied conidia had developed to the stage of
secondary hyphae on line 8a. There was no secondary hyphal production
on 4h or 9a. At 48 h a few more sporelings had produced secondary
hyphae, 11% on 8a and 2% on line 4h. This difference was significant 
2
(X =7.6, P <  0.01). None of the sporelings on 9a had produced 
secondary hyphae. By 74 h, 1 out of 126 applied conidia on line 9a 
had developed to the stage of secondary hyphal production. A 
substantial proportion of the applied conidia on 8a (28%) had 
developed to this stage by the same time, however, only 5% of applied
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conidia had reached this stage on line 4h. The differences in the 
proportions of applied conidia reaching the stage of secondary hyphal 
production were significant between 8a anUh CX2 = 29.1, P < 0.001) 
and 8a and 9a (X2 = 38.0, P<0.001) but not between 4h and 9a.
9.3.10. Number of applied conidia resulting in colony formation. 
Colonies in which hyphae had started to branch, with the branches 
producing haustoria^ were not observed until 74 h after inoculation.
Differences between plant lines were significant. More colonies were
2 2 
produced on line 8a than 4h (X = 98.4, P C  0.001), and 9a (X = 35.7,
P < 0.001), but there was no significant difference between 4h and 9a.
Applied conidia on line 8a proAv\c€A. co\on\es^e rnos\;L:fre<juiea^ ly (26%)
followed by line 4h (3%) and then 9a (1%).
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9.4. Discussion.
Conidial germination and sporeling development of Erysiphe fischeri 
followed a po&engr £iroi\am to the description of cereal powdery mildew 
germination given by Ellingboe (1972). There were some important 
differences, for example, primary germ tubes that do not form 
appressoria have been observed in germinating E^ graminis hordei and 
E. graminis tritici by Kunoh et al (1977) and E^ graminis avenae by 
Carver and Carr (1977). No such primary germ tubes were observed in 
germinating E^ fischeri conidia.
E. fischeri conidia frequently produced multiple germ tubes all 
of which could potentially produce an appressorium. Multiple germ 
tubes have been observed during the infection process of Ek_ graminis 
hordei and Eh_ graminis tritici, but only one germ tube produced an 
appressorium (Kunoh et al, 1977, Kunoh and Ishizakih, 1976).
Other powdery mildews, such as, E. betae (Drandarevski, 1978), 
Sphaerotheca humuli fuliginea (Sitterly, 1978) and humuli of hops 
(Royle, 1978) produce multiple germ tubes each potentially able to 
form an appressorium, in a similar way to fischeri.
Multiple germ tubes were more common on the susceptible line 8a 
than on 4h, 9a or the agar surface. Multiple germ tubes were not 
generally formed until 48 h and 74 h after inoculation, indicating 
that successful penetration by the first formed tube was necessary for 
the production of a second germ tube. A similar situation has been 
observed in Sphaerotheca humuli fuliginea on cucurbits where the first 
haustorium becomes established before additional germ tubes are 
produced (Sitterly, 1978). However, Kunoh et al (1977) observed that 
the number of germ tubes produced by graminis hordei and E. 
graminis tritici was determined as early as 4 h after inoculation 
indicating that successful , penetration did not determine multiple
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germ tube formation as only one germ tube forms an appressorium this 
is hardly suprising.
Germination of powdery mildews has been observed to be stimulated 
by the presence of host tissue (Yarwood, 1957). Staub et al (1974) 
observed that a higher proportion of Eh_ graminis hordei conidia 
germinated on host barley tissue than on non-host cucumber tissue, 
whilst equal proportions of E^ cichoracearum conidia germinated on 
cucumber and non-host barley. Suprisingly, germination of E. 
fischeri was initially more rapid on the agar surface than on the host 
tissue, kikj74 h incubation there was no difference. This may have 
been a reflection of a more readily available water supply from the 
agar, or the beniwdazole supplement to the agar stimulated 
germination. Relatively few conidia germinating on the agar surface 
produced appressoria, although 16% of conidia produced appressoria 
which is comparatively high compared to observations of other powdery 
mildews (Yarwood, 1957^ Drandarevski, 1978).
Resistance in the partially resistant line 4h and the completely 
resistant line 9a was not clearly expressed until the haustorial 
stage. Significantly fewer haustoria were produced by sporelings on 
lines 4h and 9a than on 8a. Differences between the two resistant 
lines did not become apparent until secondary hyphae were produced. 
More sporelings produced secondary hyphae on line 4h than 9a.
However, the difference was not significant, which was probably due to 
the low numbers of sporelings reaching hyphal production making 
analysis difficult. Only one sporeling out of the 126 applied conidia 
reached this stage on line 9a; it is possible that this may have been 
a contaminant or a mutant. The number of conidia producing multiple 
germ tubes was significantly greater on 4h and 9a, indirectly 
suggesting that more penetrations were successful on 4h and this 
criterion could be taken to distinguish the resistance of the two
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lines.
Resistance to other powdery mildews has been reported to be 
expressed at early stages of infection, the exact stage of 
germination depending on the system and the resistance gene involved. 
In the majority of cases, resistance to EL. graminis is not expressed 
until the haustorial stage (Ellingboe, 1972). Carver and Carr (1977) 
observed that various levels of race non-specific resistance were 
expressed as early as peg formation, a large proportion of IiL_ graminis 
avenae sporelings were halted on various oat varieties at this stage. 
Resistance gene Rb in hop to Sphaerotheca humuli was associated with 
fewer sporelings developing 2 or more germ tubes and feooer -res^in^ ir\ 
sporulating colonies. Resistance gene R2 on the other hand, was 
expressed much earlier, only one germ tube was allowed to develop and 
no haustoria were produced (Royle, 1978). Ellingboe (1972), and 
Stuckey and Ellingboe (1974) considered that the proportion of 
sporelings producing secondary hyphae can be used to distinguish 
resistance and susceptibility, and different resistance alleles in 
barley.
There was sane evidence from the data in Figs 9.2, 9.3 and 9.4 
that the resistance of 4h and 9a could be distinguished before the 
haustorial and secondary hyphal stages. A slightly greater proportion 
of sporelings cooss arrested at the appressorial and peg formation 
stages on line 4h than line 9a. The differences were not significant 
but this does suggest resistance in the partially resistant line was 
expressed earlier. It is possible that the partial resistance of 4h 
is race non-specific. Race non-specific resistance is often 
considered to take effect earlier than complete race specific 
resistance. Race non-specific resistance observed by Carver and Carr 
(1977) in oat was expressed as early as peg formation. Work on the 
rust fungus Puccinia hordei by Niks (1983) has demonstrated that race
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non-specific resistance in barley varieties such as Vada was expressed 
as a reduction in the number of sporelings successfully producing 
haustoria. The major gene for resistance Pa7 did not become effective 
until after haustorial formation when the host cell collapsed. 
Gemination of sporelings on plants with both forms of resistance 
indicated that the two types of resistance acted sequentially on 
germination, indicating that it may be useful to combine both forms of 
resistance within the one variety. Resistance conferred by gene Pa3 
acted earlier on conidial germination than Pa7. It was therefore 
difficult to distinguish the effects of partial resistance and this 
gene, apart from the fact that Pa3 elicited a hypersensitive reaction 
in the host (Niks and Kuiper, 1983).
Hypersensitivity, ie host cell collapse and necrosis, was not 
observed in either line 9a or 4h. Hypersensitivity has often been 
associated with race specific resistance but this may not necessarily 
be the case (Crute et al, 19E5). There are several examples where 
genes controlling race specific resistance operate without 
hypersensitivity. Johnson et al (1979) found that not all the 
reactions resulting in incompatibility in Algerian barley to culture 
CR3 of Erysiphe graminis hordei resulted in hypersensitivity. Masri 
and Ellingboe (1966) also found that resistance in Algerian, ourvd,
•rich Goldfoil barley varieties, having resistance genes Mia and Mlg 
respectively^ did not express hypersensitivity to E^ graminis hordei.
• ' n r
Only a small number of groundsel lines coas'- examined with a 
single isolate, so it is impossible to determine whether the 
observations were typical of all groundsel and mildew interactions; 
far more lines would need to be tested with more isolates to establish 
the apparent absence of hypersensitivity and the expression of 
different resistance genes at different stages of sporeling 
development.
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10.0. GENERAL CONCLUSIONS AND FURTHER STUDIES.
It became increasingly evident throughout the project that the Senecio 
vulgaris/ Erysiphe fischeri pathosystem is extremely complex. The 
pathogen and host appear to have evolved together to reach a state 
that approaches coexistence, as described by Harper (1977). The host 
is rarely subsWrA\a\\ij by the pathogen and is able to
reproduce even when it is heavily infected. Various forms of 
resistance have developed in the system. The variability of host and 
pathogen phenotypes, together with their interaction with the 
environment and factors- such as plant age, have produced a system that 
is so complex is difficult to envisage that the system would not be 
able to buffer any dramatic changes in virulence in the pathogen or 
resistance in the host.
10.1. Factors contributing to complexity.
Sane important factors contributing to the complexity of the 
pathosystem include:
10.1.1. Race, specificity
Race specific resistance was demonstrated to be operating in the 
system. A minimum, of fourteen genes for resistance and matching 
avirulence genes could explain the reaction patterns found. Fourteen 
genes can give rise to a maximum of 16,384 different resistance 
phenotypes in the host and virulence phenotypes in the pathogen. It 
is highly likely that only a small proportion of the total number of 
genes in the system was detected. Thus, the potential variability 
within the pathosystem for race specificity alone is enormous.
21*7
10.1.2. Heterogeneity.
The host population was composed of a highly heterogeneous mixture.
At N.V.R.S. ten resistance phenotypes were detected within an area of 
2
just 1 m using only five isolates. The pathogen population was also 
highly heterogeneous: out of 24 isolates studied, eighteen were found 
to be <Aif'Per'c*Cwhen tested on 50 inbred groundsel lines. Thus, the 
system resembles a highly complex cultivar mixture.
10.1.3. Susceptibility appears more frequent than complete resistance. 
The majority of the groundsel plants from both Glasgow and N.V.R.S. 
were susceptible to the majority of the mildew isolates. At first it 
appeared that complete race specific resistance did not contribute 
much to the host's defence strategy. However, if one considers the 
situation at the population level, a large number of different 
resistance and virulence phenotypes could tend to lead to stability. 
The probability of a pathogen phenotype developing which is 
universally highly virulent on all phenotypes of the host is low.
If more isolates had been used for testing it is possible that 
the majority of the plants would prove to have resistance to at least 
some components of the pathogen population. This is suspected because 
mildew collected from plants known to have resistance to the more 
common mildew isolates proved to be avirulent on lines previously 
thought to be susceptible to all mildew isolates.
10.1.4. There were sane differences between populations.
The frequency of plants with complete race specific resistance to at 
least one isolate was greater at N.V.R.S. This was primarily due to a 
high frequency of resistance to an isolate from Glasgow (G9) in the 
N.V.R.S. plant population. This illustrated that there were some 
marked differences between the two host populations. The frequency of
2U2
resistance to the remaining nine isolates was also slightly higher at 
N.V.R.S. indicating that selection for race specific resistance may be 
greater under drier and therefore more favourable conditions for 
mildew. The number of different resistance phenotypes detected in the 
N.V.R.S. plants was also greater, showing that there was greater 
variability within this population. There was also evidence that more 
of the N.V.R.S. plants were resistant to the N.V.R.S. isolates than to 
the Glasgow isolates, if resistance to isolate G9 was disregarded.
This indicates again, that there may be ; greater selection for 
resistance in the N.V.R.S. population.
10.1.5. Complex virulence.
The majority of the mildew isolates were complex for virulence and had 
relatively few avirulence genes. Since the host population is highly 
heterogeneous, selection has probably been directed towards complex 
virulence enabling the pathogen to colonize a wide range of host 
phenotypes. It is also expected that, in an asexually reproducing 
population, . genes for virulence will build up as selection is for 
the whole phenotype, not just particular genes that are more likely to 
be exposed individually in a sexually reproducing population.
However, there was no evidence that a 'super race' with matching 
virulence to every resistance gene in the host had developed, or at 
least it was not common in the mildew population. This suggests that 
either there is no,selective advantage for a 'super race', or the 
'super race' is actually less fit than races coilhouh all ‘the ulru\w\cc 
c^ enes.
10.1.6. Partial resistance.
In addition to the operation of complete race specific resistance, 
partial resistance was also detected. Partial resistance was 
relatively common and was often detected in plants which also had
2 4 4
complete race specific resistance. Partial resistance could be race 
specific or non race-specific and its presence often confounded data 
and made it difficult to interpret. Partial resistance does appear to 
play an important role in the defence strategy of the host and may 
also have certain: advantages-fo r the pathogen which is still able
to reproduce on the host. In turn, this may lead to stability in the
• \
pathosystem.
10.1.7. The environment.
Not only do climatic factors have to be favourable for mildew to 
occur, but there is also an interaction between the environment and 
host and pathogen genotype. Temperature and plant age were found to 
affect the expression of resistance and susceptibility of certain 
plant lines to certain isolates adding yet more complexity to the 
system. Genes in the host that are expressed only under one set of 
conditions will impose selection on the pathogen for shorter periods 
of time making it less likely that virulence in the pathogen for the 
resistance phenotype will build up.
10.1.8. Resistance is .expressed early in the infection process. 
Resistance in both a completely resistant and a partially resistant 
line is most markedly.expressed at the haustorial stage of 
development. The difference between complete and partial resistance 
became more apparent when the sporelings produced secondary hyphae. 
Virtually no sporelings produced secondary hyphae on the completely 
resistant line, whilst a small proportion on the partially resistant 
line reached this stage. It is possible that partial resistance may 
also be expressed at later stages of colony development, as seen by 
characteristics such as slower growth rate and a lower production of 
conidia.
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10.2. Possible applications to plant breeding and crop management.
The groundsel/ powdery mildew pathosytem ■ . appear?to operate like a
highly complex cultivar mixture. Unfortunately, it is impractical for 
the plant breeder to totally mimic the natural situation. However, it 
does seem evident that a breeding programme.that aims at including 
partial resistance and race non-specific resistance, within cultivars 
that have race specific resistance, may lead to longer lasting and 
more effective crop protection. Possibly a cultivar mixture may prove 
more successful than a multiline which uses different resistance genes 
in the same genetic background. A cultivar mixture is more likely to 
be based on a wider gene background. A variable genetic background 
may be responsible.for the.differential expression of genes in 
different environmental conditions.
It is possibly dangerous to assume that variability will 
inevitably lead to stable and lasting crop protection. Likewise, 
cultivars relying on apparently race non-specific resistance alone may 
not in reality prove durable in the absence of race specificity. 
Several forms of resistance have probably evolved to work together in 
the natural situation.
Geographic.cultivar diversification schemes for airborne- 
pathogens, apart from being difficult to enforce, may not prove to be 
successful for the individual farmer or on the national scale.
Although a barrier to an epidemic is created it may not last a whole 
growing season due to the efficient dispersal mechanisms of airborne 
pathogen propagules.
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10.3. Further studies.
Generally more studies of wild pathosystems may lead to a better 
understanding of the function of resistance and explain why resistance 
utilized in crops is not always lastingly effective and how this 
situation can be avoided. A study of resistance to more destructive 
pathogens may prove interesting in comparison wHhthe strategy of 
coexistence.
Further studies on the groundsel/ powdery mildew pathosystem 
could include: .
1. Additional inheritance studies in the host to establish more 
firmly the presence of a 1gene-for-gene1 relationship and how many 
genes are responsible for a particular phenotype.
2. Additional studies to establish the frequency and importance 
of partial resistance.
3. Studies on the effects of the environment on more resistance 
phenotypes.
4. Competition studies to determine selective advantages of 
plants with partial and complete resistance in comparison v/iUn 
susceptible plants in the presence and absence of mildew.
5. Studies.on the effects of other pests and pathogens and their 
influence on the groundsel/ powdery mildew pathosytem.
6. A more extensive examination of the early infection process of 
more mildew isolates on more groundsel lines with a view to 
distinguishing the action of different resistance and virulence genes.
7. A more extensive study of the variability in the pathogen 
using a large number of mildew isolates on a smaller number of plants.
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APPENDIX 4.1 Mean infection score of each Glasgow isolate on 50 inbred
groundsel lines
Plant Isolate
line G1 G2 G3 G4 G5 G6 G7 G8 G9 G10 Gil G12
lc 2.00 0.44 2.17 2.04 3.58 2.50 1.75 2.50 1.50 2.92 2.42 3..83
le 3.33 3.67 2.92 1.50 3.83 2.67 2.83 3.42 3.42 2.75 2.33 3..42
If 2.92 2.94 3.67 2.83 4.00 3.58 2.83 4.00 3.67 3.58 3.83 4.,00
ig 2.17 2.00 1.92 2.75 4.00 3.25 3.42 3.75 2.08 3.08 4.00 3.,00
lh 2.21 0.72 1.46 1.33 2.75 2.83 2.33 3.08 1.09 1.50 3.33 2 .,50
li 1.75 0.28 1.25 2.67 3.08 2.17 1.33 3.25 1.17 1.46 2.17 3..17
lm 0.83 0.61 1.42 2.50 3.83 2.50 0.92 4.00 2.92 3.83 3.75 2.,00
In 1.33 1.72 1.83 2.58 3.50 2.42 2.67 3.33 2.17 2.50 3.58 2 ..08
IP 4.00 2.11 2.25 3.47 3.67 2.33 2.75 4.00 1.83 2.75 3.67 1..33
Is 1.44 0.61 3.08 3.08 3.58 3.67 2.67 4.00 3.00 2.83 3.58 3..17
2a 2.89 1.44 2.58 3.17 3.83 3.83 3.17 3.33 3.33 3.58 3.67 2..92
2d 2.06 2.83 1.20 3.33 3.83 1.83 2.58 4.00 0.78 0.94 3.42 1..28
2e 2.67 2.28 1.83 2.50 3.17 2.00 1.00 3.58 1.33 1.56 2.83 0..50
2i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0..00
3f 0.93 0.33 0.75 2.08 2.17 2.58 1.33 1.17 0.92 2.08 1.75 0..58
3g 2.17 1.83 0.83 4.00 3.08 1.25 2.00 3.42 1.44 1.06 2.42 0..50
4a 0.10 0.44 1.25 0.96 2.50 1.33 0.67 2.75 1.25 2.33 1.42 1..29
4h 0.00 0.00 0.00 3.50 4.00 0.00 0.00 2.50 0.27 1.33 3.25 0..00
5a 0.47 0.67 1.10 1.50 2.50 2.58 1.11 4.00 0.39 1.11 3.25 0..73
6b 0.00 0.00 0.00 0.00 0.00 0.25 0.00 0.00 0.00 0.00 0.00 0..21
6d 0.50 1.17 0.83 2.75 3.67 0.92 1.56 2.08 0.28 2.06 1.83 0..44
6f 0.73 0.53 1.75 3.67 3.75 0.75 1.58 3.83 0.75 3.83 3.42 1..25
7a 3.11 1.00 2.17 3.08 3.67 3.58 2.58 4.00 2.17 3.75 3.83 4..00
7b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0..00
7c 1.11 2.50 1.61 3.08 4.00 1.75 2.06 4.00 2.22 2.33 3.42 1..28
7d 0.00 0.00 0.00 0.00 0.00 0.83 0.00 0.00 1.17 0.00 0.00 1..42
I t 1.22 2.11 4.00 2.25 4.00 4.00 1.08 4.00 1.58 3.83 3.83 3..58
8a 2.67 3.00 1.22 3.00 3.00 0.92 2.72 3.67 2.06 3.06 3.00 2,.00
8g 2.39 3.56 1.22 3.33 3.67 2.67 3.22 3.75 2.06 2.33 2.50 1..94
9a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0..00
9c 0.00 0.00 0.00 0.00 0.00 1.17 0.00 0.13 1.00 0.00 0.00 1..17
9d 0.00 0.00 0.00 0.00 0.00 0.92 0.00 0.25 2.67 0.00 0.00 0..50
9g 0.63 0.00 0.00 0.25 1.17 0.00 0.00 1.92 0.00 0.00 1.13 0..07
lOj 1.50 2.28 2.56 1.92 2.08 2.17 2.06 2.75 2.06 2.33 2.17 1..89
11a 1.94 0.94 1.92 2.92 3.50 2.67 2.58 3.67 3.00 2.75 3.67 3..67
lie 2.00 2.94 1.72 2.83 3.50 2.25 0.94 3.33 1.17 3.61 3.33 1..50
lli 0.00 0.00 0.00 0.00 0.00 2.33 0.00 1.58 2.92 0.00 0.38 2..33
14b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0..00
15c 3.78 3.11 3.67 4.00 3.83 2.58 3.67 4.00 3.58 3.17 4.00 2..58
15j 2.83 3.28 2.25 2.33 3.67 3.25 3.25 3.67 1.75 1.33 3.67 1..33
16d 2.28 1.22 2.25 3.61 3.50 2.42 2.75 2.67 1.71 1.08 2.92 2..25
16f 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0..00
17h 0.94 1.06 1.17 3.33 2.92 0.92 1.92 3.33 1.67 1.63 1.83 0..42
18i 2.39 2.39 2.75 2.83 2.75 3.00 1.75 3.17 2.50 3.08 3.25 2..67
19b 3.00 1.44 2.50 3.56 2.83 3.00 3.25 3.42 2.50 2.08 2.83 0..92
23f 0.67 0.33 1.00 3.89 3.58 1.75 3.33 3.08 0.46 2.00 3.75 1..04
23g 2.11 0.72 2.67 3.89 3.50 1.75 3.00 3.67 1.75 1.00 3.00 1,.75
23i 0.33 1.89 2.50 3.83 3.42 1.75 3.67 3.67 1.25 2.42 3.58 3..08
24f 0.00 0.94 0.96 2.50 3.17 1.00 0.96 4.00 3.08 4.00 2.92 3..42
24 j 2.78 2.50 4.00 4.00 3.42 1.83 3.42 3.67 3.50 1.00 3.58 0,.83
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APPENDIX 4.2 Mean infection score of each NVRS isolate on 50 inbred
groundsel lines
Plant
line Nl N2 N3 N4 N5
Isolate 
N6 N7 N8 N9 N10 Nil N12
lc 1.33 2.08 3.83 2.17 3.33 1.83 2.25 2.50 2.04 2.00 1.50 1.08
le 2.50 3.75 4.00 3.67 4.00 3.50 3.83 3.42 1.88 2.67 1.58 3.75
If 0.42 4.00 4.00 3.58 3.83 3.50 3.25 3.58 3.08 4.00 1.42 3.42
ig 1.75 3.58 4.00 2.67 4.00 4.00 3.83 3.33 0.83 3.33 0.67 3.17
Ih 1.46 3.42 3.08 2.42 3.67 3.17 1.42 3.33 1.25 3.00 0.50 1.58
li 1.25 2.08 3.42 2.67 3.83 3.17 1.42 3.33 0.75 2.50 1.21 2.75
lm 1.92 2.75 4.00 0.00 3.08 2.33 2.58 2.42 0.75 3.83 1.21 3.42
In 1.50 3.67 2.83 2.17 3.42 1.83 1.00 2.33 2.17 0.92 1.08 2.17
IP 2.08 3.75 4.00 4.00 3.50 3.67 2.58 3.67 1.58 3.08 0.50 2.67
Is 1.42 2.00 3.83 2.17 4.00 2.17 2.08 3.42 0.92 2.00 1.33 2.33
2a 2.17 3.83 4.00 2.08 3.08 2.42 3.25 3.33 2.17 2.58 0.75 1.00
2d 1.50 3.50 3.42 2.17 3.50 3.08 1.92 2.33 1.83 2.92 1.13 2.00
2e 1.08 3.25 3.33 2.58 3.67. 3.33 1.33 3.50 0.92 2.25 1.50 2.17
2i 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
3f 0.88 1.67 2.17 0.38 1.75 1.00 0.75 1.58 1.13 0.92 0.46 0.96
3g 1.29 3.25 2.75 2.00 1.33 1.33 2.25 2.17 1.33 2.42 1.04 1.92
4a 1.29 1.42 1.92 1.58 2.42 1.75 0.50 1.33 0.67 1.08 0.42 1.50
4h 0.21 0.25 0.92 1.75 3.33 2.50 0.83 0.25 1.08 0.38 0.00 0.25
5a 1.50 2.25 3.25 3.42 3.00 2.50 2.92 2.75 1.54 1.83 1.21 1.17
6b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
6d 2.33 1.75 3.67 1.75 3.83 3.25 0.63 2.75 1.08 2.50 1.17 2.33
6f 0.79 2.17 2.67 0.00 2.17 1.17 0.50 2.42 1.75 1.67 0.25 2.08
7a 2.42 4.00 4.00 2.58 4.00 2.92 2.50 2.67 2.25 2.58 0.83 1.92
7b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
7c 1.25 3.50 3.58 3.25 4.00 3.08 3.33 3.08 2.08 3.33 0.42 2.58
7d 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.50 0.00
7f 2.58 3.42 4.00 4.00 3.25 3.83 2.25 3.42 1.42 3.08 0.67 3.50
8a 0.83 4.00 4.00 3.67 3.67 3.58 3.50 3.50 2.00 2.92 1.25 2.58
8g 1.83 4.00 4.00 3.83 4.00 4.00 3.83 3.17 1.83 4.00 1.33 3.25
9a 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9c 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9d 0.00 0.00 0.00 0.13 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
9g 0.00 0.13 0.92 0.38 0.38 0.75 0.25 0.33 0.00 0.33 1.17 0.54
lOj 0.13 0.25 1.92 0.33 0.38 0.25 0.21 0.50 0.00 0.38 0.00 0.38
11a 2.25 3.58 3.33 2.58 3.83 2.67 3.08 3.33 1.50 2.50 1.67 2.08
lie 2.08 3.17 3.58 2.00 4.00 3.83 2.83 2.50 3.58 3.83 1.25 2.92
H i 0.00 1.08 0.67 1.25 1.58 0.50 0.21 0.38 0.08 0.33 0.67 0.33
14b 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
15c 1.08 3.75 4.00 3.42 3.58 4.00 3.08 3.58 3.58 3.83 2.25 2.17
15j 0.67 3.58 4.00 3.08 4.00 4.00 3.08 3.25 2.25 2.42 1.58 3.58
16d 2.00 4.00 4.00 1.83 4.00 3.67 3.42 3.50 2.67 2.50 0.67 3.67
16f 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
17h 1.83 2.08 3.42 2.92 3.75 2.17 1.83 2.50 1.08 1.92 1.25 0.92
18i 2.33 2.17 4.00 2.83 3.08 2.25 2.58 2.33 1.33 1.83 1.75 2.17
19b 1.42 3.50 3.50 3.08 2.92 1.83 1.75 2.67 0.50 1.75 1.00 2.33
23f 3.00 3.08 3.83 1.92 3.67 3.83 3.50 3.08 1.08 3.00 1.42 3.08
23g 1.17 3.83 4.00 1.75 4.00 3.83 3.00 4.00 0.67 3.17 1.08 2.92
23i 2.75 4.00 3.67 1.75 4.00 3.42 3.08 3.33 0.83 2.50 0.67 3.42
24f 0.83 3.33 4.00 1.67 3.83 2.58 1.33 3.00 0.92 3.50 0.67 3.17
24 j 0.83 3.00 2.75 3.17 3.67 3.83 2.17 3.50 1.08 3.67 2.67 2.42
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APPENDIX Table 5.1 Mean infection scores produced by mildew populations
obtained from 'trap' groundsel lines tested on 
10 lines
Mildew from line 4h
Mildew from line 7b
Mildew from line 7d
Mildew from line 8a
Tested
on
lines
Plants exposed on date shown for 
no of weeks shown
10.9.84 
for 3 wks 
Mean Se
10.9.84 
for 4 wks 
Mean Se
8.10.84 
for 4 wks 
Mean Se
4h 2.1 0.34 2.7 0.60 1.8 0.59
6b 0.0 0.00 0.0 0.00 1.9 0.65
7b 0.0 0.00 2.6 0.08 0.0 0.00
7d 0.0 0.00 0.0 0.00 3.5 0.32
8a 3.2 0.34 3.0 0.39 2.4 0.80
8g 2.0 0.42 2.7 0.40 2.9 0.24
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 1.5 0.50 3.1 0.20
9g 0.7 0.26 0.0 0.00 0.0 0.00
lli 0.1 0.13 3.5 0.22 4.0 0.00
4h 1.6 0.35 _ _ _ _
6b 0.9 0.25 — — — —
7b 1.0 0.26 — — — —
7d 1.5 0.28 — — — —
8a 2.0 0.33 — — ■ — —
8g 0.0 0.00 - - - -
9a 0.8 0.25 — — — —
9c 1.3 0.29 — — — —
9g 0.0 0.00 — — — —
lli 1.6 0.39 - - - -
4h 1.5 0.38 _ _ _ _
6b 1.0 0.41 — — — —
7b 0.5 0.20 — — — — '
7d 1.7 0.26 — — — —
8a 2.0 0.18 — — — —
8g 0.1 0.10 — — — -
9a 1.4 0.42 — — — —
9c 1.4 0.37 — — — —
9g 0.4 0.28 - — — —
lli 1.7 €.‘32 - — - —
4h 0.3 0.17 3.6 0.27 3.2 0.54
6b 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.8 0.34
8a 3.1 0.17 2.4 0.80 2.7 0.84
8g 3.1 0.20 4.0 0.00 3.7 0.21
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.3 0.17 0.0 0.00 0.8 0.53
lli 0.3 0.17 0.3 0.25 0.7 0.44
2 5 0
APPENDIX Table 5.1 continued
Mildew from line 8g
Mildew from line 9a
Mildew from line 9g
Mildew from line lli
Tested
on
lines
Plants exposed on date 
no of weeks shown
shown for
10.
for
Mean
9.84 
3 wks 
l Se
10.9 
for 4 
Mean
.84
wks
Se
8.10 
for 4 
Mean
.84
wks
Se
4h 2.5 0.37 0.0 0.00 1.8 0.56
6b 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00
8a 2.3 0.37 3.8 0.25 3.1 0.41
8g 3.3 0.26 3.3 0.25 3.8 0.17
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.1 0.13 0.5 0.32 0.3 0.25
9g 0.0 0.00 0.0 0.00 0.3 0.25
lli 0.9 0.34 0.5 0.32 1.3 0.56
4h 1.9 0.38 __ _ __ __
6b 0.4 0.21 — — — —
7b 1.2 0.23 — — — —
7d 1.8 0.23 — — — -
8a 2.9 0.30 — — — -
8g 0.1 0.08 - - - -
9a 2.1 0.34 — — — —
9c 2.2 0.25 — — — — ■
9g 0.2 0.16 - - - -
lli 2.4 0.35 — — — —
4h __ _ __ __ 2.5 0.81
6b — - — — 0.0 0.00
7b - — — — 0.0 0.00
7d — - — 0.0 0.00
8a - — — — 3.3 0.67
8g - - - - 2.5 0.63
9a - - — — 0.0 0.00
9c — — — — 0.0 0.00
9g - - — - 0.0 0.00
lli — — — — 0.0 0.00
4h 0.9 0.35 0.0 0.00 _ _
6b 0.0 0.00 0.9 0.44 — —
7b 0.0 0.00 0.0 0.00 — —
7d 0.0 0.00 3.2 0.42 — —
8a 2.1 0.40 0.3 0.25 — —
8g 1.6 0.43 0.5 0.32 — —
9a 0.0 0.00 1.7 0.76 — —
9c 0.0 0.00 2.3 0.48 — —
9g 0.0 0.00 0.0 0.00 — —
lli 1.0 0.26 0.4 0.00 — —
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APPENDIX Table 6.3 Ranking order of susceptibility of each plant
line with each isolate
Plant line Isolate
G8 G9 G10 Gil G12 Ni N4 N5 N7 Nil
4h 7 10 5 2 1 9 4 3 6 8
7d 5.5 1 5.5 9.5 7.5 4 3 9.5 7.5 2
8a 7 2 1 8 5.5 4 10 9 5.5 3
8g 4 3 1 2 5 6 9 8 10 7
9c 4 1 5 7 9 6 3 9 9 2
9g 7 4 2 1 3 9.5 9.5 6 5 8
lli 5 1 6 9 10 8 3 4 7 2
25A
APPENDIX Table 6.4 Spearmans ranking correlation coefficients for each
plant line with each other plant line
Plant
line 4h 7d 8a
Plant
8g
line
9c 9g lli
4h
7d S-0.773
8a NS-0.567
NS
-0.467
8g NS-0.006
NS
+0.015
NS
+0.464
9c S-0.637
S
+0.894
NS
+0.367
NS
+0.249
9g
NS
+0.485
NS
-0.403 +0.270
S
+0.667
NS
-0.212
lli NS-0.552
S
+0.676
NS
+0.124
NS
-0.176
S
+0.758
NS
-0.352
r at P - 0.05 = 0.632 
r at P * 0.01 = 0.765
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Appendix Table 7.1a. Morphological characters of plants grown in the
glasshouse at Glasgow.
NR = Non-radiate, G := Green,. DG = Dark green, P = Purple, SL =
Slightly, H = Hairy, GLAB =: Glabrous, Leaf type see Fig 7.1 •
Progeny Flower Height No of Leaf Leaf Leaf Stem Stem
type in cm nodes type colour hairy colour hairy
Parent A NR .18.5 14 2 - SL H G H
1 B NR 21.0 12 2 - SL H G H
C NR 26.5 16 2 - SL H SL P H
D NR 28.0 22 1 - SL H SL P SL H
E NR 26.0 14 2 - GLAB G H
F NR 25.0 15 2 - SL H G H
G NR 26.5 15 2 - - G H
H NR 23.0 17 1 - SL H SL P SL H
Parent A NR 22.0 — 2 GLAB G H
2 B NR 17.0 14 2 G GLAB G H
C NR 15.0 - 2 G H G H
D NR 21.0 - 2 G GLAB G H
E NR 8.0 12 2 G H G H
F NR 17.0 12 2 G GLAB G H
G NR 16.0 - 2 G GLAB G SL H
Parent A NR 38.0 12 2 _ _ G H
3 B NR 34.0 16 2 - - G H
C NR 33.5 14 5 - - G H
D NR 31.0 16 5 - - - H
E NR 28.0 17 5 - - G H
F NR 21.5 14 5 - - G H
G NR 31.0 15 5 - - G H
H NR 29.0 - 5 - - G H
I NR 40.0 16 3 - - G H
Parent A NR 18.0 17 3 G GLAB G GLAB
4 B NR ■19.0 19 3 G GLAB G GLAB
C NR 20.0 16 3 DG GLAB G GLAB
D NR 22.5 16 3 G GLAB G GLAB
E NR 22.5 17 3 DG GLAB G SL H
F NR 21.0 15 3 DG GLAB G GLAB
G NR 19.5 17 3 G GLAB G GLAB
H NR 13.5 - 3 - - G H
Parent A NR 31.0 14 3 _ _ SL P H
5 B NR 27.0 21 3 -  . - SL P H
C NR 31.0 24 3 - - SL P GLAB
D NR 39.5 19 3 - - SL P SL H
E NR 29.0 16 3 - - SL P H
F NR 37.0 18 3 - - SL P H
Parent A NR 10.0 14 4 G SL H G H
6 B NR 13.5 10 4 G GLAB G H
C NR 17.0 14 4 G GLAB G H
D NR 28.0 - 4 - - G H
E NR 35.0 15 4 - GLAB G SL H
F NR 32.0 - 4 — GLAB G SL H
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Appendix Table 7.1b. Analysis of variance for plant height and
number of nodes for the plants grown in the glasshouse in Glasgow.
Plant height
SS df
Height 1487.49 5
Residual 1186.39 39
Total 2673.88 44
Number of nodes
SS df
No of nodes 115.46 5
Residual 170.18 30
Total 285.64 35
MS FPR
743.75 26.33
28.25
MS FPR
23.09 4.07
5.67
= Significant 
at P = 0.001
= Significant 
at P = 0.01
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Appendix Table 7.1c. Morphological characters of the progeny
families grown in the cabinets at N.V.R.S.
Parent
1
Parent
2
Parent
3
Progeny Flower Height No of Leaf Leaf Leaf Stem Stem 
in cm nodes type colour hairy colour hairy
A NR 9.5 10 4 G - G SL H
B NR 12.0 11 4 - - G SL H
C NR 11.5 12 2 - ' - G SL H
D NR 13.0 11 4 - - G SL H
E NR 13.5 10 2 - - SL P SL H
F NR 15.0 12 4 - - G SL H
G NR 11.5 10 4 - - G SL H
H NR 13.0 10 4 - - G SL H
I NR 9.0 10 2 - - SL P SL H
A NR 9.0 12 3 _ _ G SL H
B NR 8.5 13 4 - - SL P SL H
C NR 7.0 12 3 - - SL P SL H
D NR 5.0 9 3 - - SL P SL H
E NR 9.0 11 3 - - SL P SL H
F NR 8.0 12 3 - - SL P SL H
G NR 9.5 11 4 - - SL P SL H
H NR 11.0 9 3 - - SL P SL H
I NR 7.5 9 3 - - SL P SL H
J NR 6.0 8 2 - - SL P SL H
K NR 8.0 11 2 - - SL P SL H
L NR 8.5 9 2 - - SL P SL H
M NR 8.0 8 2 - - SL P SL H
N NR 7.5 10 3 - - SL P SL H
0 NR 9.0 9 3 - - SL P SL H
P NR 7.0 11 3 - - SL P SL H
A NR 4.5 10 1 G H DG H
B NR 3.0 7 1 G H DG H
C NR 3.5 8 1 G H DG H
D NR 5.5 10 1 G H DG H
E NR 2.5 9 1 G H G H
F NR 4.5 10 1 G H DG H
G NR 2.5 9 1 G H DG H
H NR 4.5 11 G H DG H
I NR 6.0 11 1 DG H DG H
J NR 6.0 8 1 G H SL P H
K NR 4.5 8 G H G H
L NR 8.0 12 1 G H DG H
M NR 5.0 12 1 DG H DG H
N NR 3.5 8 1 G H DG H
2 5 8
Appendix Table 7.1d. Analysis of variance for plant height and
number of nodes for the progenies grown in the cabinets at N.V.R.S.
Plant height SS df MS FPR
Plant height 308.33 2 154.16 62 = Significant
Residual 89.48 36 2.49 at P = 0.001
Total 379.80 38
Number of nodes SS df MS FPR
No of nodes 8.27 2 4.14 1.95 Not signif
Resi^dual 76.50 36 2.13
TotalV 84.77 38
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Appendix Table 7.2 Mean infection scores of progeny family 3 
Isolate
Progeny N1 N4 N5 N7 N11
A 0.00 0.69 0.00 0.00 0.00
B 0.00 1.19 0.50 0.00 0.75
C 1.56 1.19 1.13 0.38 0.00
D 0.81 1.88 2.06 0.69 0.56
E 0.51 1.00 1.69 1.13 2.00
F 0.00 1.69 0.19 0.00 0.19
G 0.00 1.88 0.25 0.00 0.75
H 0.00 0.00 0.38 0.00 0.38
I 0.19 0.00 0.75 0.00 0.00
J 1.25 2.00 2.50 0.56 1.13
K 1.25 1.69 2.19 1.25 0.19
L 0.19 1.38 0.38 0.19 0.00
M 0.31 1.50 2.44 0.56 0.38
N 1.13 1.63 3.44 1.06 0.75
0 0.00 0.00 0.94 0.00 0.38
Original test
0.00 1 .75 3.83 0.38 0.13
0.6 or less = Resistant 
More than 0.6 = Susceptible
APPENDIX Table 7.3 Mean infection scores and standard deviations of 
control tests
Plant Isolate G8 control tests
Line
Inoc
Mean Sd
Inoc - 
Mean Sd
Inoc - 
Mean Sd
Inoc 24 
Mean
.5.84
Sd
Inoc 27 
Mean
.6.82
Sd
4h 2.5 0.00 _ — 2.4 0.92 0.2 0.41 0.8 0.82
6b 0.0 0.00 0.0 0.00 0.6 0.67 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 — — 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.7 0.52 — — — — 3.4 1.02 3.1 0.74
8g 3.8 0.61 — — — — 2.7 0.26 2.8 0.61
9a 0.0 0.00 0.0 0.00 — - 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.3 0.61 0.2 0.41 0.0 0.00 0.0 0.00
9g 1.9 1.50 — — 0.0 0.00 0.4 1.02 0.0 0.00
lli 1.6 0.92 - - — — 0.9 1.07 1.0 0.77
Inoc 6.7.84 Inoc 30.7.84 Inoc 8.,8.84 Inoc 15.8.84 Inoc 24.8.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 1.7 1.29 1.4 0.80 0.0 0.00 1.2 0.98 1.6 0.92
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.5 0.78 0.3 0.61
8a 3.7 0.52 3.8 0.41 3.6 0.66 3.0 1.55 1.3 1.47
8g 2.9 1.56 2.3 1.03 3.7 0.52 3.4 0.67 3.7 0.52
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.3 0.61 0.5 0.78
9g 0.0 0.00 0.5 0.77 0.3 0.61 0.0 0.00 0.0 0.00
lli 1.7 1.29 0.0 0.00 0.0 0.00 1.8 0.52 1.3 1.13
Inoc 5.9.84 Inoc 17 .9.84 Inoc 9.10.84 Inoc 17,.10.84
Mean Sd Mean Sd Mean Sd Mean Sd
4h 0.5 0.78 1.1 1.24 0.5 0.78 0.5 0.78
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.5 0.78
8a 3.6 0.67 4.0 0.00 2.5 0.00 2.6 0.20
8g 4.0 0.00 3.5 0.55 2.5 0.00 3.3 0.61
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.5 0.78
9g 0.0 0.00 0.0 0.00 0.0 0.00 0.9 1.07
lli 0.3 0.61 0.5 0.78 0.0 0.00 1.8 0.52
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APPENDIX Table 7.3 continued
Plant Isolate G9 control tests
Line
Inoc
Mean Sd
Inoc 13 
Mean
.4.84
Sd
Inoc 22 
Mean
.5.84
Sd
Inoc 28 
Mean
.6.84
Sd
Inoc 9. 
Mean
7.84
Sd
4h 0.3 0.73 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6b 0.0 0.00 2.5 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 — - 0.0 0.00 0.0 0.00 0.0 0.00
7d 1.2 1.37 0.8 0.75 2.3 0.68 1.8 0.99 2.3 1.17
8a 2.1 1.59 — — 2.9 0.20 3.2 0.68 4.0 0.00
8g 2.1 1.70 — — 2.3 1.17 2.7 0.26 2.9 0.20
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 1.0 1.23 2.6 0.58 2.2 0.52 2.5 0.55 3.3 0.61
9g 0.0 0.00 1.7 1.44 1.1 1.24 0.0 0.00 0.0 0.00
lli 2.9 0.20 0.0 0.00 4.0 0.00 3.7 0.52 3.8 0.41
Inoc 29.7.84 Inoc 8.8.84 Inoc 14.8.84 Inoc 23 .8.84 Inoc 4.9.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 2.0 0.48 2.0 1.16 2.6 0.59 2.3 1.13 2.7 0.26
8a 3.2 0.41 3.7 0.52 2.8 0.27 4.0 0.00 3.3 0.75
8g 3.0 0.55 2.3 1.86 3.5 0.55 3.8 0.61 3.8 0.41
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 1.6 0.92 2.8 0.26 2.8 0.82 2.8 0.26 2.5 0.00
9g 0.0 0.00 1.9 1.02 0.0 0.00 0.3 0.61 0.8 0.82
lli 3.3 0.52 3.5 0.55 3.6 0.67 4.0 0.00 3.5 0.55
Inoc 13.9.84 Inoc 10.10.84 Inoc 18,.10.84
Mean Sd Mean Sd Mean Sd
4h 0.0 0.00 0.0 0.00 0.0 0.00
6b 0.0 0.00 0.5 0.78 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00
7d 2.7 0.26 2.4 0.49 1.8 0.52
8a 3.3 0.76 3.5 0.55 3.7 0.52
8g 3.8 0.41 3.0 0.00 3.8 0.41
9a 0.0 0.00 0.0 0.00 0.0 0.00
9c 2.5 0.00 1.0 0.78 2.6 0.58
9g 0.8 0.82 0.0 0.00 0.7 1.08
lli 3.5 0.55 4.0 0.00 3.7 0.52
262
APPENDIX Table 7.3 continued
Plant Isolate G10 control tests
Line
Inoc
Mean Sd
Inoc
Mean Sd
Inoc 3. 
Mean
2.84
Sd
Inoc 11.4.84 
Mean Sd
Inoc 25 
Mean
.5.84
Sd
4h 1.3 1.09 _ 3.8 0.41 0.4 0.66
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.1 1.29 — — — — — — 2.5 0.95
8g 2.3 1.80 — — 3.8 0.41 — — 2.5 0.55
9g 0.0 0.00 0.0 0.00 — — 0.0 0.00 0.0 0.00
9c 0.0 0.00 -0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 2.0 0.78 0.0 0.00 1.1 1.24
lli 0.0 0.00 — — 0.0 0.00 — — 0.3 0.61
Inoc 29.6.84 Inoc 9.,7.84 Inoc 28.7.84 Inoc 6.,8.84 Inoc 13 .8.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 1.5 0.00 1.3 1.13 0.3 0.61 1.3 1.13 0.5 0.78
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.3 0.61
8a 2.9 0.80 3.8 0.41 3.4 0.67 4.0 0.00 2.5 1.34
8g 2.7 0.26 2.4 1.32 4.0 0.00 3.8 0.61 2.9 0.59
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.9 1.07 0.5 0.78 1.5 0.95 0.8 1.26
lli 0.8 0.82 0.8 0.82 0.8 0.82 1.0 0.78 0.0 0.00
Inoc 23 .8.84 Inoc 3.9.84 Inoc 12.9.84 Inoc 9.10.84 Inoc 22,.10.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 2.2 1.08 1.8 0.99 2.2 0.52 1.2 0.98 1.3 1.13
6b 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.8 0.82 0.0 0.00 0.0 0.00 0.3 0.61 0.0 0.00
8a 3.7 0.52 4.0 0.00 3.2 1.03 4.0 0.00 3.3 0.61
8g 3.8 0.61 3.8 0.41 3.8 0.41 3.7 0.52 3.8 0.41
9a 0.0 0.00 0.0 0.0 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.0 0.0 0.00 0.5 0.78 0.0 0.00
9g 0.3 0.61 0.0 0.00 0.0 0.00 1.5 1.23 1.3 1.13
lli 1.5 0.00 0.5 0.78 0.0 . 0.00 1.0 0.78 1.2 0.98
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APPENDIX Table 7.3 continued
Plant Isolate Gil control tests
Line
Inoc
Mean Sd
Inoc
Mean Sd
Inoc 8. 
Mean
2.84
Sd
Inoc 9, 
Mean
.4.84
Sd
Inoc 31 
Mean
.5.84
Sd
4h 3.3 0.61 _ — 3.2 1.03 4.0 0.00 2.8 0.82
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 — — 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.0 0.55 — — — - — — 3.8 0.41
8g 2.5 1.55 — — 2.7 0.26 — — 3.5 0.55
9a 0.0 0.00 0.0 0.00 — - 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 1.1 1.24 1.2 0.98 1.7 0.41 1.3 1.13 0.0 0.00
lli 0.5 0.78 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00
Inoc 25.6.84 Inoc 9.7.84 Inoc 1.8.84 Inoc 10..8.84 Inoc 15.8.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 4.0 0.00 3.8 0.41 1.9 1.16 4.0 0.00 3.7 0.52
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.5 0.55 3.8 0.41 0.4 1.53 2.3 1.84 2.4 1.96
8g 3.0 0.55 3.8 0.41 1.8 1.57 4.0 0.00 3.3 0.52
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.5 0.78 1.9 1.49 0.5 0.78 0.8 1.29 0.5 0.78
lli 0.0 0.00 1.6 0.92 0.0 0.00 0.5 0.28 0.0 0.00
Inoc 24 .8.84 Inoc 16.7.84 Inoc 17.9.84 Inoc 8.10.84 Inoc 17.10.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 3.3 0.52 3.8 0.61 3.8 0.41 4.0 0.00 3.1 1.63
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.3 0.82 3.7 0.52 2.2 1.08 3.7 0.52 3.8 0.61
8g 4.0 0.00 3.3 0.75 3.8 0.61 2.7 0.61 3.3 1.63
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.3 0.61 0.7 1.08 0.0 0.00 0.8 1.29 2.1 1.02
lli 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.5 0.78
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APPENDIX Table 7.3 continued
Plant Isolate G12 control tests
Line
Inoc
Mean Sd
Inoc
Mean Sd
Inoc 10 
Mean
.2.84
Sd
Inoc 10.4.84 
Mean Sd
Inoc 23 
Mean
.5.84
Sd
4h 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 2.6 0.20
6b 0.0 0.00 0.4 0.67 0.0 0.00 1.8 0.99 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 — — 0.0 0.00
7d 1.4 0.80 — — 2.2 1.08 2.7 0.26 0.0 0.00
8a 2.0 1.56 — — 2.1 1.02 — — 3.6 0.67
8g 1.9 1.53 — — 2.1 1.02 — — 2.3 1.17
9a 0.0 0.00 0.0 0.00 — — 0.0 0.00 0.0 0.00
9c 1.2 0.98 — — 1.8 0.99 1.8 1.48 0.0 0.00
9g 0.1 0.33 0.0 0.00 1.5 1.23 1.4 1.56 0.8 0.82
lli 2.3 0.68 — — .1.8 1.44 1.3 1.77 0.0 0.00
Inoc 26.6.84 Inoc 5.,7.84 Inoc 31.7.84 Inoc 9.8.84 Inoc 13.8.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 3.5 0.55 0.7 0.27 3.5 0.55 3.7 0.52 3.3 0.52
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.3 0.61 0.0 0.00 0.3 0.61 0.0 0.00 0.0 0.00
8a 3.0 0.95 0.5 0.21 3.4 0.67 2.4 1.96 3.0 0.78
8g 2.4 1.20 0.2 0.08 2.3 1.26 2.7 2.07 2.9 0.20
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.5 0.78 0.0 0.00 0.0 0.00 1.1 1.24 0.5 0.78
lli 0.0 0.00 0.0 0.00 0.0 0.00 0.8 0.82 0.3 0.61
Inoc 23.8.84 Inoc 5.9.84 Inoc 17,.9.84 Inoc 10.10.84 Inoc 22 .10.84
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
4h 3.8 0.41 3.8 0.61 3.7 0.52 3.8 0.41 3.3 0.75
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 4.0 0.00 3.3 1.08 3.1 0.49 3.3 0.52 2.3 1.13
8g 3.5 0.55 4.0 0.00 4.0 0.00 3.7 0.52 3.3 0.82
9a 0.0 0.00 0.0 0.00 0.0 0.00 . 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.0 0.00 0.8 1.29 1.3 1.37
lli 1.3 1.13 0.0 0.00 0.0 0.00 0.3 0.61 0.0 0.00
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Plant Isolate Nl control tests
Line
Inoc 21 
Mean
.11.84
Sd
Inoc 5. 
Mean
12.84
Sd
Inoc 11 
Mean
.2.85
Sd
Inoc 26 
Mean
.2.85
Sd
Inoc 13.3.85 
Mean Sd
lm 1.9 1.02 2.0 1.64 2.7 0.26 4.0 0.00
In 0.0 0.00 3.4 1.24 0.8 0.82 2.5 0.55 1.7 1.29
2a 2.2 1.72 — — 4.0 0.00 2.8 1.48 2.2 1.08
3f 0.0 0.00 1.8 1.48 1.3 1.13 1.4 0.80 1.5 1.64
4a 0.3 0.61 2.3 1.29 3.3 0.75 3.2 0.68 2.6 0.20
4h 0.0 0.00 0.4 0.67 — — 0.0 0.00 0.5 0.78
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 2.3 0.68 — — 3.2 0.68 1.8 0.99 3.2 1.03
6f 0.3 0.61 1.3 1.47 3.3 0.75 2.3 1.29 2.2 0.52
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.3 0.61 0.0 0.00 1.5 0.00
8a 0.8 1.29 — — 3.8 0.41 2.3 1.13 3.3 0.75
8g 1.8 1.44 — — 3.8 0.41 2.6 0.20 3.3 0.75
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.5 0.78 0.0 0.00 0.0 0.00
lOj 0.0 0.00 0.3 0.61 2.0 0.55 0.0 0.00 0.0 0.00
lli 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.5 0.78
19b 0.3 0.61 2.6 1.56 3.3 0.99 0.5 0.78 3.0 0.78
Inoc 13,.5.85 Inoc 28.5.85 Inoc 16 .7.85 Inoc 29.7.85
Mean Sd Mean Sd Mean Sd Mean Sd
lm 2.8 0.82 1.8 1.37 2.1 1.39 2.7 0.98
In 2.7 0.26 2.7 1.66 2.5 1.55 1.5 1.23
2a 3.3 0.75 3.1 1.63 2.3 1.13 2.2 0.52
3f 0.5 0.78 0.3 0.61 0.0 0.00 2.6 0.20
4a 2.3 1.57 0.5 0.78 0.9 1.42 0.5 0.78
4h 1.4 0.80 0.5 0.78 0.5 0.78 0.0 0.00
6b 0.2 0.41 0.0 0.00 0.3 0.61 0.0 0.00
6d 2.5 0.95 1.8 1.37 1.8 1.08 2.4 0.49
6f 2.6 0.97 1.2 0.98 2.2 0.52 1.2 1.37
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.3 0.61 0.0 0.00 0.3 0.61
8a 3.8 0.41 3.2 0.68 3.3 0.61 2.8 1.13
8g 3.8 0.41 1.7 1.29 3.8 0.41 2.8 0.61
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00
9d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
lOj 2.4 0.74 2.8 0.98 0.0 0.00 0.8 1.29
lli 0.7 1.08 0.5 0.78 0.3 0.61 0.3 0.61
19b 3.2 0.41 0.7 1.08 3.0 0.95 1.3 1.47
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APPENDIX Table 7.3 continued
Plant
Line
Isolate N4 control tests
Inoc 12 
Mean
.11.84
Sd
Inoc 26 
Mean
.11.84
Sd
Inoc
Mean
11.2.85
Sd
Inoc
Mean
25.2.85
Sd
Inoc : 
Mean
13.3.85
Sd
lm 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.7 1.10
In 2.0 0.55 — — ■ 1.3 1.13 0.9 1.07 0.4 1.02
2a 2.1 1.02 — — 2.6 1.24 3.0 0.78 3.0 0.78
3f 0.5 0.78 0.3 0.61 1.7 1.40 0.7 1.08 0.7 1.08
4a 1.6 1.32 — — 1.0 0.78 0.3 0.61 0.3 0.61
4h 1.8 0.99 — - — — 2.3 0.41 2.8 0.61
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 1.8 0.99 — — 0.3 0.61 2.0 1.10 2.9 0.97
6f 0.0 0.00 0.0 0.00 1.0 0.78 0.0 0.00 0.0 0.00
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 2.2 1.08
8a 3.7 0.52 — — 3.4 0.67 0.4 1.02 2.5 1.98
8g 3.8 0.41 — — 3.2 0.68 2.1 1.69 4.0 0.00
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.3 0.61
9d 0.0 0.00 0.3 0.61 0.0 0.00 0.0 0.00 0.8 0.82
9g 0.0 0.00 0.8 0.82 0.0 0.00 0.0 0.00 0.0 0.00
lOj 0.5 0.78 0.2 0.41 1.7 0.41 0.0 0.00 0.0 0.00
lli 1.3 0.61 — — 0.3 0.61 0.7 0.85 0.4 1.02
19b 3.1 0.92 — — 1.8 0.52 2.3 1.84 1.7 1.40
Inoc 15,.5.85 Inoc 28 .5.85 Inoc 3.7.85 Inoc 17.7.85 Inoc 30.7.85
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
lm 0.3 0.61 1.2 0.98 0.7 1.08 0.8 1.29 0.8 1.29
In 1.6 1.53 1.3 1.13 2.0 1.10 1.8 2.04 1.8 2.04
2a 3.5 0.78 2.6 0.97 3.7 0.52 2.1 1.16 2.1 1.16
3f 0.8 1.29 0.4 1.02 1.2 0.98 1.1 1.24 1.1 1.24
4a 0.0 0.00 2.3 0.82 2.4 0.49 1.6 1.32 1.6 1.32
4h 3.5 0.55 3.3 0.75 3.3 0.99 2.5 0.55 2.5 0.55
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 3.0 1.23 3.3 0.61 3.2 0.68 1.8 0.52 1.8 0.52
6f 0.5 0.78 0.9 1.07 0.3 0.61 0.5 0.78 0.5 0.77
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.3 0.61 0.0 0.00 0.5 0.78 0.5 0.77
8a 1.0 0.78 3.3 0.75 3.0 0.95 2.1 1.69 2.1 1.69
8g 2.4 0.49 2.9 0.97 3.6 0.67 2.6 1.46 2.6 1.46
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.3 0.61 0.0 0.00 1.1 1.24 0.0 0.00 0.0 0.00
9d 0.0 0.00 0.0 0.00 0.5 0.78 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.0 0.00 0.3 0.61 0.0 0.00 0.0 0.00
lOj 2.3 0.61 2.0 1.23 0.3 0.61 0.0 0.00 0.0 0.00
lli 0.5 0.78 1.7 0.41 2.2 1.21 1.2 0.98 1.2 0.98
19b 0.4 1.02 1.4 1.24 1.9 0.67 2.3 1.40 2.3 1.40
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APPENDIX Table 7.3 continued
Plant
Line
• Isolate N5 control tests
Inoc 13 
Mean
.11.84
Sd
Inoc 26 
Mean
.11.84
Sd
Inoc 11.2.85 
Mean Sd
Inoc 27.2.85 
Mean Sd
Inoc 13.3.85 
Mean Sd
lm 3.1 0.74 _ _ 2.4 0.74 2.7 0.61 3.0 0.55
In 3.4 0.66 — — 1.0 1.23 2.3 0.68 0.3 0.61
2a 3.1 0.92 — — 3.8 0.41 3.1 1.07 0.4 1.02
3f 1.8 0.99 — — 0.8 0.82 1.4 1.24 2.4 1.20
4a 2.4 0.49 — — 0.8 1.26 2.3 1.84 1.2 1.57
4h 3.3 0.52 — - — — 4.0 0.00 3.8 0.41
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 3.8 0.41 — — 4.0 0.00 3.8 0.41 2.5 1.55
6f 2.2 0.52 — — 1.1 1.24 0.5 0.78 0.8 0.82
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 3.7 0.53
8a 3.7 0.52 — — 4.0 0.00 3.2 1.60 2.1 1.69
8g 4.0 0.00 - — 4.0 0.00 3.0 1.23 4.0 0.00
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.3 0.61 0.5 0.77 0.5 0.78 0.5 0.78 0.0 0.00
lOj 0.0 0.00 0.8 0.82 3.7 0.52 0.0 0.00 0.0 0.00
lli 1.6 0.92 — — 0.0 0.00 2.2 1.08 0.0 0.00
19b 2.9 0.20 — — 3.1 1.63 2.3 1.60 2.3 1.40
Inoc 15.5.85 Inoc 28.5.85 Inoc 15.7.85 Inoc 29.7.85
Mean Sd Mean Sd Mean Sd Mean Sd
lm 1.8 1.33 0.3 0.61 2.9 1.24 2.6 1.36
In 0.4 1.02 3.3 0.52 2.1 1.16 0.0 0.00
2a 3.3 0.75 3.5 0.55 2.5 0.55 1.0 1.22
3f 1.5 1.34 0.3 0.61 1.8 1.08 2.7 0.26
4a 0.0 0.00 2.5 0.95 1.0 0.77 1.0 1.22
4h 2.3 1.60 4.0 0.00 3.5 0.77 4.0 0.00
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 1.4 1.24 2.1 1.16 3.1 0.92 1.5 0.95
6f 2.4 1.32 1.3 1.13 2.6 0.97 1.8 0.99
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 2.9 1.24 2.8 1.57 3.1 0.49 2.6 1.36
8g 2.1 1.02 2.8 0.26 2.6 0.58 2.2 1.08
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.3 0.61
9d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.5 0.77 0.0 0.00 0.3 0.61
lOj 2.5 0.55 0.9 1.07 0.0 0.00 0.8 0.82
lli 1.7 0.68 0.8 0.82 1.0 0.77 0.7 1.08
19b 3.0 0.55 2.4 0.92 3.0 0.55 2.6 0.58
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APPENDIX Table 7.3 continued
Plant
Line
Isolate N7 control tests
Inoc 14 
Mean
.11.84
Sd
Inoc 26 
Mean
.11.84
Sd
Inoc 12.2.85 
Mean Sd
Inoc 4 
Mean
.3.85
Sd
Inoc 18 
Mean
.3.85
Sd
lm 2.6 0.58 _ _ 2.4 1.20 1.8 0.99 2.3 1.40
In 1.0 0.77 — — 2.3 1.13 1.6 1.32 1.5 1.22
2a 3.3 0.99 — — 3.6 0.66 2.4 1.20 1.6 1.32
3f 0.3 0.61 1.3 0.61 1.8 0.99 0.8 0.82 1.8 0.99
4a 0.5 0.77 — — 2.1 1.69 1.3 1.13 2.3 1.13
4h 0.0 0.00 1.7 0.41 — — 0.3 0.61 1.8 1.08
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 0.3 0.61 1.0 0.77 3.5 0.55 1.3 1.13 1.8 0.52
6f 0.5 0.77 — — 1.0 0.77 1.8 1.08 1.9 1.02
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.5 0.55 — — 3.8 0.61 3.6 0.66 2.5 1.97
8g 3.8 0.41 — — 3.8 0.61 2.6 0.80 3.3 0.61
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9d 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.3 0.61
9g 0.0 0.00 0.5 0.77 0.8 0.82 0.0 0.00 0.7 1.08
lOj 0.2 0.41 0.3 0.61 3.3 0.61 1.1 1.24 0.0 0.00
lli 0.2 0.41 0.3 0.61 0.0 0.00 0.0 0.00 0.3 0.61
19b 1.8 1.37 — — 3.8 0.61 1.7 1.40 1.6 0.92
Inoc 13.5.85 Inoc 28.5.85 Inoc 4,► 7.85 Inoc 17.7.85 Inoc 30.7.85
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
lm 1.3 1.47 3.7 0.52 1.7 1.03 2.2 0.75 1.3 1.66
In 3.3 0.61 4.0 0.00 1.8 0.52 2.0 1.55 1.2 1.83
2a 3.1 0.74 3.4 0.66 3.6 0.66 3.1 0.92 2.4 0.49
3f 0.7 0.75 1.4 0.97 0.3 0.61 1.1 1.24 1.9 1.02
4a 2.6 0.97 2.5 0.55 0.0 0.00 1.5 1.22 1.2 1.37
4h 1.1 1.24 1.8 0.52 1.5 1.22 0.0 0.00 0.0 0.00
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 3.4 0.66 2.0 1.64 1.8 1.44 2.2 0.75 1.3 1.13
6f 1.2 0.98 1.3 1.13 0.9 1.07 2.2 1.08 1.3 1.13
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.0 0.00 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00
8a 3.8 0.61 3.3 1.08 2.6 0.97 2.6 1.36 2.5 1.34
8g 2.1 0.66 3.3 0.99 3.4 0.66 0.9 1.07 1.6 1.96
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9d 0.3 0.61 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9g 0.0 0.00 0.5 0.77 0.2 0.41 0.0 0.00 0.5 0.77
10 j 1.5 1.22 2.8 1.13 0.8 0.82 0.0 0.00 0.0 0.00
lli 1.4 0.80 0.0 0.00 0.8 0.82 0.8 0.82 1.0 0.77
19b 3.6 0.66 0.8 0.82 2.3 1.13 3.0 0.95 0.5 0.77
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APPENDIX Table 7.3 continued
Plant
Line
Isolate Nil control tests
Inoc 21 
Mean
.11.84
Sd
Inoc 5. 
Mean
12.84
Sd
Inoc 12.2.85 
Mean Sd
Inoc 4, 
Mean
.3.85
Sd
Inoc 18. 
Mean
3.85
Sd
lm 0.0 0.00 2.4 0.49 2.5 0.00 0.9 1.07 2.2 1.08
In 1.1 1.24 — — 0.9 1.07 1.6 1.32 0.8 0.82
2a 0.8 0.82 — — 3.6 0.66 3.0 0.55 1.5 1.22
3f 0.0 0.00 0.9 1.43 1.3 1.13 2.0 0.55 1.7 1.29
4a 0.4 1.02 — — 2.9 1.24 1.8 1.13 1.8 0.99
4h 0.0 0.00 0.0 0.00 — — 0.3 0.61 0.3 0.61
6b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
6d 1.2 0.98 — - 4.0 0.00 1.8 0.99 2.1 0.66
6f - — — - 0.8 1.25 0.7 1.08 0.5 0.77
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 0.3 0.61 0.8 0.82 0.5 0.77 0.0 0.00 1.7 1.29
8a 1.3 1.47 — — 4.0 0.00 2.0 1.34 3.4 0.66
8g 1.3 1.47 — - 3.8 0.61 3.3 0.61 3.8 0.41
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 0.0 0.00 0.0 0.00 0.0 0.00 0.4 0.66 0.7 1.08
9d 0.0 0.00 0.0 0.00 0.9 1.07 0.9 1.07 1.3 1.37
9g 1.2 0.98 — - 0.0 0.00 0.3 0.61 0.0 0.00
lOj 0.0 0.00 0.0 0.00 3.0 0.55 0.3 0.61 0.0 0.00
lli 0.7 1.08 — - 0.5 0.77 1.5 1.22 1.4 0.80
19b 1.0 0.77 - — 4.0 0.00 2.0 1.10 0.5 0.77
Inoc 14.5.85 Inoc 28.5.85 Inoc 5.7.85 Inoc 17.7.85 Inoc 30.7.85
Mean Sd Mean Sd Mean Sd Mean Sd Mean Sd
lm 1.2 0.98 1.5 1.34 2.0 0.55 2.0 0.77 1.0 1.55
In 2.4 1.53 4.0 0.00 1.9 1.39 1.2 0.98 0.8 0.82
2a 1.6 0.92 4.0 0.00 2.8 0.26 2.7 0.26 0.8 0.82
3f 1.3 1.13 1.7 1.40 2.1 0.66 0.8 0.82 0.8 0.82
4a 1.6 0.92 1.1 1.24 0.7 1.08 0.8 0.82 0.8 0.82
4h 1.4 0.80 0.5 0.77 0.8 0.82 0.7 1.08 0.3 0.61
6b 0.8 0.82 0.0 0.00 0.0 0.00 0.3 0.61 0.0 0.00
6d 3.2 1.03 3.0 0.55 2.3 0.99 1.8 0.52 1.7 1.29
6f 1.7 1.03 0.9 1.43 1.3 0.61 1.2 0.98 1.3 1.37
7b 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
7d 1.0 0.77 0.5 0.77 1.3 0.61 1.4 0.80 0.3 0.61
8a 3.3 1.08 3.8 0.41 3.4 1.02 3.8 0.41 3.0 1.55
8g 2.5 1.34 2.5 1.34 3.2 0.41 2.8 0.82 1.8 1.63
9a 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00 0.0 0.00
9c 1.0 0.77 0.0 0.00 0.0 0.00 0.3 0.61 0.3 0.61
9d 1.6 0.92 0.3 0.61 0.3 0.61 0.8 0.82 0.3 0.61
9g 0.0 0.00 0.3 0.61 1.3 0.61 0.0 0.00 0.3 0.61
lOj 2.7 1.13 2.4 0.49 0.7 1.08 0.0 0.00 0.0 0.00
lli 2.8 0.82 3.1 0.49 3.3 0.61 2.0 0.55 1.9 1.02
19b 1.8 0.99 1.0 0.77 1.4 1.56 2.8 1.57 0.8 1.29
2 7 0
APPENDIX Table 7.4 Mean infection scores obtained for the Glasgow plants
Plant No, 
Area GL3 
1983
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
GL3 01 3.83 3.58 3.67 4.00 2.83 3.75 2.75 3.17 4.00 3.33
GL3 02 4.00 3.83 4.00 3.67 3.33 3.33 4.00 3.67 3.83 3.67
GL3 03 3.42 2.83 3.42 2.75 3.17 3.83 3.42 2.50 2.58 2.50
GL3 04 1.83 2.67 2.92 3.83 2.50 2.42 4.00 3.83 3.67 2.58
GL3 05 3.58 2.42 3.33 3.17 1.83 3.17 4.00 4.00 3.75 4.00
GL3 06 2.50 3.08 2.42 2.25 2.58 3.67 3.83 4.00 3.83 2.92
GL3 07 3.67 0.00 3.17 2.67 1.08 2.92 3.67 4.00 3.17 2.92
GL3 08 2.50 2.67 2.33 2.17 1.75 0.46 2.25 2.42 2.00 2.08
GL3 09 1.67 3.25 2.67 3.42 2.58 2.58 4.00 3.42 4.00 3.08
GL3 10 4.00 3.83 4.00 4.00 3.42 . 3.33 3.83 3.83 4.00 4.00
GL3 11 3.83 3.33 3.25 4.00 3.83 4.00 1.67 2.92 32.08 2.42
GL3 12 3.25 2.25 3.33 3.58 2.42 4.00 3.42 3.42 4.00 3.50
GL3 13 3.50 3.25 4.00 2.75 3.33 3.42 2.17 3.42 3.83 3.17
GL3 14 3.50 3.50 3.83 2.75 2.58 3.00 3.58 3.17 3.58 3.25
GL3 15 2.17 1.08 1.42 2.25 2.58 1.75 3.08 2.17 3.33 2.75
GL3 16 3.67 3.67 3.00 3.08 3.08 3.58 1.58 2.58 3.33 2.75
GL3 17 2.33 2.00 2.83 2.75 2.58 2.33 2.00 2.75 2.92 2.58
GL3 18 4.00 0.83 3.50 4.00 2.67 3.08 3.33 3.00 3.33 3.50
GL3 19 3.83 2.00 2.33 3.00 3.50 1.75 3.42 3.17 3.75 3.58
GL3 20 3.75 3.42 4.00 3.75 2.50 3.67 2.83 4.00 3.75 3.33
GL3 21 2.83 2.33 2.75 2.75 2.42 1.63 4.00 3.83 3.50 2.83
GL3 22 2.75 2.50 1.92 2.25 2.50 3.00 2.25 2.58 2.08 2.42
GL3 23 3.67 3.25 3.83 2.83 4.00 4.00 3.50 3.83 3.58 3.25
GL3 24 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
GL3 25 4.00 3.83 3.25 3.50 3.83 3.17 1.92 2.50 0.50 2.50
GL3 26 4.00 2.75 3.67 3.00 3.33 2.17 2.50 1.13 2.75 2.67
GL3 27 4.00 3.67 3.33 2.83 2.58 1.92 2.42 3.00 2.25 2.67
GL3 28 3.17 3.08 3.50 3.67 3.25 3.33 1.92 2.25 3.08 3.58
GL3 29 3.17 0.75 2.25 3.33 3.33 3.67 3.58 3.83 3.83 4.00
GL3 30 0.29 3.58 0.08 0.00 4.00 0.58 2.17 0.38 0.63 2.50
GL3 31 2.67 0.92 2.00 2.17 2.25 1.29 3.08 0.38 1.58 1.21
GL3 32 3.33 2.83 3.17 2.75 2.17 2.75 3.83 2.33 1.83 3.25
GL3 33 4.00 3.50 4.00 3.75 3.00 3.33 3.50 3.17 3.83 4.00
GL3 34 1.08 1.67 0.92 0.50 0.92 2.42 2.58 3.42 3.83 3.50
GL3 35 3.83 3.58 4.00 3.58 3.42 4.00 4.00 4.00 4.00 3.58
GL3 36 4.00 1.83 3.83 3.33 3.17 2.83 2.92 3.17 3.83 2.25
GL3 37 3.25 3.25 1.67 2.92 1.83 1.83 2.00 1.67 1.08 2.13
GL3 38 2.08 2.67 3.00 2.75 2.08 3.08 3.67 3.67 4.00 4.00
GL3 39 3.50 3.67 3.50 3.25 3.75 3.00 3.50 3.42 2.92 3.67
GL3 40 3.75 3.25 3.83 2.50 2.00 4.00 3.83 3.83 2.75 3.42
GL3 41 4.00 1.58 3.17 3.83 0.00 4.00 4.00 3.67 4.00 4.00
GL3 42 3.83 1.00 2.25 2.42 1.50 3.25 3.42 3.67 3.67 3.83
GL3 43 3.17 2.58 2.50 2.42 2.25 2.08 1.67 1.67 1.67 2.42
GL3 44 2.08 2.58 1.67 2.50 3.50 1.13 2.92 3.17 0.13 4.00
GL3 45 4.00 2.92 3.08 2.67 1.92 3.17 3.75 4.00 3.67 3.33
GL3 46 2.42 2.50 3.75 2.83 3.17 2.08 3.17 3.17 3.00 3.08
GL3 47 3.17 2.67 1.67 1.25 2.75 — — - — —
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APPENDIX Table 7.4 continued (Glasgow plants)
Plant No 
Area GL2 
1983
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
GL2 01 1.25 1.92 2.00 1.08 2.25 1.58 1.04 2.42 2.42 1.83
GL2 02 2.50 2.75 2.08 1.00 2.25 3.17 0.96 2.17 2.92 1.50
GL2 03 4.00 4.00 3.50 3.50 3.42 2.92 2.17 2.67 2.92 2.58
GL2 04 1.75 1.25 2.42 2.00 2.08 2.17 0.75 1.75 1.83 1.42
GL2 05 2.50 1.92 2.25 2.67 2.33 1.79 2.17 1.42 2.42 1.50
GL2 06 1.42 1.58 0.67 1.50 1.75 1.38 0.92 1.17 1.29 1.21
GL2 07 3.17 2.92 3.50 2.00 1.58 2.92 1.50 3.25 3.83 2.67
GL2 08 2.50 2.42 0.92 2.25 2.25 1.50 1.00 1.58 3.17 2.25
GL2 09 3.17 3.17 2.92 2.50 3.50 3.17 3.42 3.58 3.42 2.00
GL2 10 3.04 2.63 2.25 2.50 1.08 1.58 1.25 1.46 1.88 1.50
GL2 11 3.42 0.54 2.92 2.25 0.00 4.00 3.83 3.50 3.67 2.92
GL2 12 2.50 1.91 1.67 0.67 0.67 2.00 1.08 1.67 1.75 0.92
GL2 13 2.17 1.42 1.83 2.25 1.00 1.58 1.67 2.50 2.00 1.83
GL2 14 3.83 2.58 3.00 2.58 3.42 3.00 1.13 1.50 2.08 1.83
GL2 15 2.75 2.33 3.17 1.83 3.00 2.75 2.83 2.17 2.67 2.42
GL2 16 3.83 3.42 2.50 3.17 3.67 1.50 1.50 2.21 3.42 1.29
GL2 17 3.17 2.17 3.50 2.67 3.00 0.88 2.08 2.00 2.42 2.75
GL2 18 3.33 3.83 4.00 3.67 3.83 4.00 3.17 2.58 3.17 4.00
GL2 19 3.25 2.50 2.50 2.58 3.33 3.17 4.00 3.50 3.00 1.50
GL2 20 4.00 2.50 3.25 3.67 3.75 3.00 2.33 3.25 4.00 3.33
GL2 21 3.17 0.00 2.58 3.17 0.00 2.75 2.83 2.08 3.83 4.00
GL2 22 3.25 3.33 3.50 3.25 2.50 0.83 1.92 1.63 2.75 2.42
GL2 23 3.83 3.67 3.25 3.42 2.83 3.75 4.00 2.75 4.00 3.00
GL2 24 3.17 2.42 2.33 2.33 2.33 1.54 1.38 2.42 2.50 2.08 ‘
GL2 25 3.08 1.83 2.92 1.73 3.00 1.17 0.50 1.58 2.67 1.38
GL2 26 3.17 3.00 2.67 2.50 2.42 2.67 0.67 2.75 3.17 1.96
GL2 27 3.33 2.17 4.00 2.92 3.83 4.00 3.17 3.33 4.00 3.75
GL2 28 2.92 3.00 3.50 2.33 2.67 2.75 1.75 2.33 2.92 3.17
GL2 29 1.58 2.50 2.75 3.33 3.50 2.17 0.96 1.92 1.83 2.50
GL2 30 1.58 1.92 2.08 1.00 0.67 1.67 0.75 2.67 3.00 1.58
GL2 31 3.00 2.17 2.92 2.75 3.58 1.67 2.08 2.83 2.67 1.92
GL2 32 2.75 2.00 4.00 0.92 3.67 2.58 1.58 3.33 4.00 2.92
GL2 33 3.00 3.08 4.00 1.92 2.75 1.67 2.08 1.33 3.17 2.75
GL2 34 2.00 3.42 1.83 2.42 3.42 1.50 1.58 0.88 3.17 2.42
GL2 35 3.33 3.50 3.33 3.08 3.83 2.50 2.42 2.33 3.83 3.00
GL2 36 3.83 3.08 4.00 2.25 2.83 3.33 2.75 2.83 3.00 3.42
GL2 37 2.92 2.92 3.67 1.75 1.33 . 2.50 0.92 0.75 3.08 2.33
GL2 38 1.33 2.83 2.33 3.00 3.08 4.00 3.67 2.00 3.67 3.17
GL2 39 3.25 2.50 3.67 3.67 3.67 3.83 3.00 2.92 3.25 3.08
GL2 40 2.75 3.33 3.33 2.17 2.92 3.00 1.75 2.25 1.83 0.50
GL2 41 3.42 3.58 2.42 2.42 2.92 2.92 3.58 4.00 3.67 2.83
GL2 42 2.17 2.17 1.33 1.67 3.50 1.83 3.00 1.13 0.63 0.38
GL2 43 1.92 2.50 1.67 3.25 3.08 1.04 0.79 2.67 1.75 1.33
GL2 44 2.00 2.83 2.33 2.17 3.33 2.75 2.00 2.08 2.67 1.00
GL2 45 1.50 3.25 2.50 2.25 2.75 1.58 0.75 1.38 2.25 0.92
GL2 46 4.00 2.50 3.17 2.83 2.50 1.67 1.71 3.50 2.17 2.42
GL2 47 2.17 1.25 2.75 1.75 2.75 2.50 1.50 1.83 2.33 2.42
GL2 48 2.17 1.25 3.25 2.67 3.58 1.75 2.75 1.63 1.83 1.33
GL2 49 2.25 1.92 2.25 2.00 2.58 3.83 2.92 3.58 4.00 3.83
GL2 50 2.33 3.25 2.83 1.83 1.83 1.58 2.92 1.92 3.67 2.25
GL2 51 2.42 3.83 2.50 3.00 2.92 3.58 2.33 2.75 3.50 2.83
GL2 52 3.42 4.00 1.33 2.25 1.42 2.08 3.17 3.17 2.75 2.25
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No 
Area GLl 
(Plot 1)
G8
Isolate 
G9 G10 Gil G12
PI 01 2.58 3.25 2.83 1.67 2.42
PI 02 3.25 3.58 3.33 2.33 3.42
PI 03 2.25 3.25 3.25 1.67 1.25
PI 04 3.00 3.42 3.25 2.42 2.83
PI 05 3.33 3.67 2.67 2.50 2.17
PI 06 2.08 2.17 3.08 1.50 2.17
PI 07 2.83 2.08 2.83 3.00 2.33
PI 08 3.25 3.50 3.58 2.42 3.17
PI 09 2.33 3.00 3.67 2.67 1.67
PI 10 3.67 3.42 3.83 2.92 2.67
PI 11 4.00 0.50 3.83 3.75 0.00
PI 12 3.42 0.00 3.08 2.58 0.00
PI 13 1.17 2.17 1.29 1.67 2.50
PI 14 3.50 3.58 3.25 3.50 4.00
PI 15 2.50 2.42 2.00 1.08 1.17
PI 16 3.67 3.08 3.42 2.33 2.50
PI 17 3.25 2.83 3.83 3.00 3.08
PI 18 2.83 3.25 3.58 2.75 3.75
PI 19 3.50 3.25 3.58 3.17 2.25
PI 20 2.75 2.67 2.33 1.58 2.33
PI 21 2.50 2.58 3.75 3.17 2.58
PI 22 3.17 3.08 2.00 1.17 2.50
PI 23 2.92 3.33 1.38 1.33 1.42
PI 24 3.83 2.83 2.67 1.50 2.58
PI 25 2.58 3.33 3.67 1.92 2.92
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No 
Area GLl 
(Plot 2)
G8
Isolate 
G9 G10 Gil G12
P2 01 3.08 3.67 2.75 2.67 2.58
P2 02 3.50 3.00 3.17 3.67 3.67
P2 03 3.00 3.67 3.67 3.00 3.17
P2 04 3.33 2.58 3.33 2.25 2.33
P2 05 2.33 2.83 3.25 2.17 2.58
P2 06 3.08 3.08 3.00 2.67 2.67
P2 07 3.00 2.17 3.00 2.17 0.67
P2 08 1.83 2.50 3.83 2.33 2.33
P2 09 3.33 3.17 3.08 2.67 2.75
P2 10 3.25 2.75 3.58 1.33 2.58
P2 11 3.17 3.50 1.92 2.17 2.25
P2 12 1.50 1.75 3.17 2.92 3.50
P2 13 1.42 3.08 3.25 2.58 2.83
P2 14 3.33 3.08 3.75 1.42 3.17
P2 15 2.00 1.50 3.00 2.67 1.83
P2 16 2.00 1.17 2.67 2.17 1.92
P2 17 2.08 1.67 2.17 1.08 0.67
P2 18 1.92 1.33 2.58 0.75 2.08
P2 19 2.75 2.00 2.33 1.83 3.00
P2 20 2.00 2.75 2.00 1.83 2.00
P2 21 3.42 2.83 3.83 3.83 4.00
P2 22 2.08 0.67 2.17 2.50 2.08
P2 23 3.50 2.42 3.83 3.83 4.00
P2 24 2.25 0.25 2.58 2.00 1.42
P2 25 2.58 1.17 3.00 2.92 3.08
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No 
Area GLl 
(Plot 3)
G8
Isolate 
G9 G10 Gil G12
P3 01 1.92 1.67 1.75 1.08 1.75
P3 02 3.08 3.67 3.83 3.00 3.67
P3 03 2.17 1.58 2.17 1.42 1.50
P3 04 3.42 2.33 1.50 2.08 1.17
P3 05 2.83 1.92 1.83 0.92 2.17
P3 06 2.83 1.83 2.33 0.75 1.92
P3 07 2.17 2.08 2.67 1.92 2.08
P3 08 1.08 2.00 2.92 2.08 1.92
P3 09 3.00 2.33 3.50 2.00 1.67
P3 10 3.00 3.33 3.42 3.08 2.92
P3 11 2.17 2.83 2.92 1.13 1.58
P3 12 3.25 2.33 2.58 3.08 2.50
P3 13 3.08 2.25 1.00 2.08 3.25
P3 14 2.58 3.17 3.75 3.33 3.00
P3 15 3.67 1.83 2.00 2.50 1.25
P3 16 3.08 3.58 3.33 2.92 3.67
P3 17 2.00 2.50 2.67 2.25 2.92
P3 18 2.17 2.00 1.33 1.92 1.58
P3 19 2.75 3.17 2.67 2.25 2.75
P3 20 3.17 1.67 0.83 3.33 1.58
P3 21 2.92 1.83 2.25 2.17 2.67
P3 22 2.17 2.58 3.17 3.42 2.17
P3 23 3.25 2.83 3.33 3.33 3.83
P3 24 3.33 3.75 3.58 3.00 2.75
P3 25 3.42 3.33 3.25 3.17 3.50
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No 
Area GLl 
(Plot 4)
G8
Isolate 
G9 G10 Gil G12
P4 01 2.67 2.83 2.67 2.67 3.00
P4 02 2.67 2.58 2.83 2.50 2.42
P4 03 3.33 1.25 3.42 3.08 0.46
P4 04 3.17 2.75 2.75 3.08 2.92
P4 05 2.75 2.42 2.67 2.33 2.92
P4 06 3.17 2.50 2.67 2.17 2.67
P4 07 2.83 2.50 2.67 2.67 2.92
P4 08 1.50 2.83 2.33 2.42 2.50
P4 09 2.33 2.50 3.67 2.67 2.67
P4 10 3.17 3.58 2.75 2.50 3.25
P4 11 3.50 2.33 3.17 2.42 2.58
P4 12 2.92 2.67 2.75 2.50 2.67
P4 13 2.83 2.42 2.75 2.58 2.67
P4 14 2.00 3.25 2.58 2.75 2.50
P4 15 2.83 3.17 2.75 2.33 3.33
P4 16 3.00 2.75 3.00 2.83 3.67
P4 17 3.00 3.00 2.50 2.83 2.75
P4 18 2.25 3.00 2.17 0.88 2.17
P4 19 3.67 3.08 3.42 2.50 3.25
P4 20 2.58 1.42 2.50 1.33 1.50
P4 21 2.67 1.92 2.33 2.08 3.17
P4 22 2.50 2.58 1.67 0.92 2.42
P4 23 1.92 3.17 2.92 2.75 2.42
P4 24 1.50 1.83 1.67. 1.83 1.58
P4 25 1.83 2.25 2.17 1.08 2.33
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No 
Soil Sample G8 
(Plot 1)
G9
Isolate
G10 Gil G12
SPl 01 
SPl 02 
SPl 03
3.08
2.17
2.17
0.00
0.83
3.42
4.00
3.33
3.08
3.08
2.83
3.17
0.00
3.50
2.67
(Plot 2)
SP2 01 1.92 2.67 1.92 1.83 3.00
SP2 02 3.00 1.75 2.58 2.50 3.50
SP2 03 3.33 2.75 3.67 2.75 3.67
SP2 04 2.83 2.00 3.58 2.33 2.50
SP2 05 2.67 4.00 2.42 3.17 3.42
SP2 06 2.67 1.75 3.25 2.58 2.92
SP2 07 2.58 3.33 2.17 2.92 1.50
SP2 08 3.25 2.67 2.58 2.92 2.92
SP2 09 2.25 2.08 2.25 3.00 2.50
SP2 10 1.17 1.67 2.75 2.75 2.83
SP2 11 3.50 2.33 2.67 3.50 3.00
SP2 12 2.92 3.25 3.58 2.33 2.25
SP2 13 2.75 1.58 2.42 2.25 2.75
SP2 14 2.92 2.50 3.33 2.67 3.67
SP2 15 3.33 3.33 3.58 1.83 3.33
SP2 16 4.00 0.13 4.00 3.33 0.13
SP2 17 3.83 2.33 2.67 1.58 3.08
SP2 18 4.00 4.00 3.25 2.58 2.92
SP2 19 2.17 1.92 3.50 3.17 2.33
SP2 20 3.42 3.50 3.83 3.08 3.42
SP2 21 2.42 3.33 2.50 3.25 3.08
SP2 22 2.75 2.75 3.83 3.83 3.08
SP2 23 3.00 3.17 3.25 2.25 3.25
SP2 24 3.42 3.42 3.08 2.58 2.83
SP2 25 1.42 1.33 3.75 2.58 2.92
(Plot 3)
SP3 01 1.25 2.50 2.25 2.00 2.50
SP3 02 2.75 1.75 2.67 3.25 2.75
SP3 03 2.50 2.42 2.83 1.83 2.50
SP3 04 3.50 3.08 4.00 2.75 3.67
SP3 05 2.92 3.00 3.83 3.25 3.25
SP3 06 3.83 3.75 3.83 2.75 4.00
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APPENDIX Table 7.4 continued (Glasgow plants, NVRS isolates not tested)
Plant No Isolate
Soil Sample G8 G9 G10 Gil G12
(Plot 4)
SP4 01 3.75 3.25 3.67 2.75 2.92
SP4 02 3.33 2.67 2.67 3.33 3.00
SP4 03 2.00 2.42 2.83 1.17 2.42
SP4 04 2.08 2.42 4.00 3.08 2.83
SP4 05 2.58 1.83 3.67 2.00 2.75
SP4 06 3.17 2.67 3.75 3.17 3.00
SP4 07 3.00 1.75 2.33 2.33 2.58
(Private Garden)
PG 01 3.08 3.25 3.83 3.67 3.17
PG 02 2.92 3.33 4.00 3.75 3.75
PG 03 3.67 2.25 2.75 3.17 3.17
PG 04 3.75 2.50 3.75 3.67 3.83
PG 05 3.58 3.58 4.00 3.75 4.00
PG 06 3.17 2.75 1.50 4.00 4.00
PG 07 3.33 3.67 3.42 3.50 3.25
PG 08 3.50 3.58 4.00 3.75 4.00
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APPENDIX Table 7.5 Mean infection scores obtained for the NVRS plants
Plant No. 
Area N3 
1984
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
84 N3 01 2.83 3.33 1.83 4.00 4.00 3.08 2.50 3.50 2.25 3.33
84 N3 02 3.00 2.08 1.00 3.00 2.33 2.67 2.25 3.58 3.67 1.75
84 N3 03 3.83 2.08 2.33 3.58 4.00 4.00 0.67 3.67 3.17 2.50
84 N3 04 3.67 2.67 3.33 3.83 3.42 2.42 2.42 3.58 1.83 3.33
84 N3 05 0.00 0.00 0.00 4.00 3.83 2.25 3.83 3.25 2.92 2.08
84 N3 06 2.08 0.00 2.17 0.75 1.25 1.21 0.83 1.42 0.00 0.56
84 N3 07 2.25 2.50 2.42 3.42 3.33 3.00 1.50 2.83 2.08 2.50
84 N3 08 3.00 2.92 3.83 2.83 3.08 3.00 0.88 1.58 1.67 3.00
84 N3 09 2.17 1.50 1.50 1.33 1.42 2.00 0.46 2.00 2.92 1.50
84 N3 10 0.83 1.75 1.25 0.83 1.33 2.42 1.50 2.33 2.17 1.58
84 N3 11 2.83 2.75 2.50 0.83 3.08 2.67 3.42 4.00 2.92 3.00
84 N3 12 2.08 1.50 1.58 2.17 3.08 1.75 0.50 0.33 1.50 1.00
84 N3 13 3.08 3.42 3.17 2.83 3.42 2.17 2.33 2.67 1.29 2.75
84 N3 14 2.42 1.75 1.33 1.83 2.00 0.13 1.33 1.58 0.92 0.46
84 N3 15 1.50 0.50 1.92 1.58 1.50 2.58 2.54 3.08 3.83 2.42
84 N3 16 0.00 0.00 0.00 1.83 0.92 2.00 0.00 0.00 2.83 2.38
84 N3 17 2.50 1.92 3.25 2.75 3.33 2.67 2.67 3.83 2.08 1.00
84 N3 18 1.50 0.50 2.67 2.17 1.25 0.63 0.79 1.67 1.00 1.17
84 N3 19 0.92 2.67 3.67 3.25 3.00 2.25 2.92 2.83 1.75 2.75
84 N3 20 2.58 1.33 2.00 1.50 2.08 1.50 2.21 2.33 1.67 0.92
84 N3 21 2.33 0.50 3.00 2.75 3.00 2.00 1.42 2.92 1.75 1.75
84 N3 22 1.00 1.08 2.00 1.42 3.08 0.50 0.79 1.33 1.08 1.50
84 N3 23 1.92 2.58 2.17 2.42 2.25 1.83 1.42 2.83 2.17 2.50
84 N3 24 0.75 2.00 0.75 2.83 3.17 0.63 0.13 0.96 0.38 0.00
84 N3 25 3.00 2.92 2.83 3.08 3.50 2.33 1.00 2.75 2.58 2.00
84 N3 26 3.25 0.00 3.42 2.33 2.33 3.42 2.75 3.83 2.58 2.83
84 N3 27 3.42 0.88 2.42 2.92 1.75 2.92 2.00 3.17 2.50 2.25
84 N3 28 2.75 2.33 3.83 2.58 2.92 1.04 0.30 0.33 0.25 0.21
84 N3 29 2.58 2.58 3.75 2.83 1.75 2.00 2.25 2.00 1.54 2.25
84 N3 30 2.00 3.17 3.25 2.58 1.08 2.38 0.88 2.33 1.92 1.96
84 N3 31 1.67 1.50 2.50 2.17 1.00 0.25 0.25 0.46 0.58 0.25
84 N3 32 3.00 2.00 3.08 2.92 4.00 2.42 1.38 2.83 2.04 2.29
84 N3 33 2.75 2.92 2.67 1.33 3.25 1.58 1.67 2.00 1.75 1.83
84 N3 34 0.75 0.67 2.25 1.42 1.00 1.21 1.75 0.63 0.96 1.00
84 N3 35 3.83 3.00 3.00 3.25 2.08 1.92 1.13 0.08 1.58 0.75
84 N3 36 2.25 2.83 2.42 2.17 1.58 2.33 1.92 0.63 1.33 1.75
84 N3 37 3.17 3.08 3.83 2.92 3.17 3.00 0.50 2.75 0.58 0.83
84 N3 38 2.92 2.17 1.83 2.00 2.33 1.13 0.63 0.75 1.13 2.08
84 N3 39 3.25 2.17 3.58 3.42 2.17 2.67 1.46 2.00 2.67 1.25
84 N3 40 2.08 1.92 3.67 1.58 1.75 2.58 2.08 2.42 1.83 2.33
84 N3 41 4.00 2.58 3.83 3.25 2.92 1.67 1.92 1.63 2.33 2.58
84 N3 42 3.42 1.17 2.83 1.50 1.75 2.42 1.50 2.42 0.38 1.33
84 N3 43 2.08 1.17 2.17 3.33 1.00 0.75 0.67 2.17 1.13 1.04
84 N3 44 3.17 2.75 2.08 2.08 2.83 3.33 2.33 2.67 1.83 1.63
84 N3 45 3.17 2.25 1.67 2.25 3.00 3.50 2.25 3.33 2.25 2.67
84 N3 46 2.50 0.63 2.92 3.00 1.50 1.92 0.50 2.92 2.17 2.83
84 N3 47 1.83 0.75 1.67 1.33 2.50 2.92 2.50 2.92 2.17 2.17
84 N3 48 3.08 2.50 3.33 2.42 2.42 1.75 1.50 1.96 1.92 2.67
84 N3 49 1.00 1.92 0.75 1.75 2.17 1.13 1.50 1.54 1.21 1.08
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APPENDIX Table 7.5 continued (NVRS plants)
Plant No. 
Area N3 
1984
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
84 N3 50 3.42 2.75 2.92 1.83 2.58 2.67 1.42 1.92 2.67 0.88
84 N3 51 2.42 1.83 2.58 1.08 2.17 1.58 1.13 3.00 1.50 1.25
84 N3 52 1.00 2.33 2.83 2.00 1.83 2.17 1.58 2.33 1.50 1.67
84 N3 53 2.83 1.58 1.58 1.42 2.33 0.96 0.25 0.71 0.75 0.92
84 N3 54 1.50 3.17 2.67 1.25 2.33 2.50 3.58 3.83 2.17 2.50
84 N3 55 2.75 2.58 0.50 2.50 0.92 0.63 0.46 1.13 1.92 0.38
84 N3 56 2.17 1.46 0.75 0.38 1.00 0.38 0.13 0.38 0.00 0.50
84 N3 57 1.92 2.50 3.17 1.67 1.58 0.50 0.25 0.25 0.75 1.54
84 N3 58 3.25 2.25 3.83 3.25 2.50 2.33 2.17 3.30 2.17 3.42
84 N3 59 1.17 2.58 1.42 2.25 2.08 0.67 0.38 0.67 0.63 0.63
84 N3 60 3.25 2.58 4.00 2.92 2.33 1.33 2.00 1.83 1.46 2.17
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APPENDIX Table 7.5 continued (NVRS plants)
Plant No. 
Area N2 
1984
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
84 N2 01 1.83 3.67 3.67 3.33 1.21 1.67 1.83 . 3.00 2.92 2.83
84 N2 02 1.83 2.92 3.25 2.67 1.25 1.42 2.83 3.00 1.58 1.42
84 N2 03 2.67 4.00 3.67 4.00 1.33 2.50 2.75 3.42 3.25 3.25
84 N2 04 3.00 2.92 3.33 3.50 2.75 4.00 3.83 3.58 4.00 4.00
84 N2 05 2.50 2.58 3.67 3.67 3.83 3.25 2.17 3.83 2.67 3.58
84 N2 06 2.67 0.00 4.00 3.83 4.00 3.08 3.83 4.00 3.50 3.42
84 N2 07 3.00 3.42 3.00 2.25 2.83 2.00 1.58 3.08 2.17 3.00
84 N2 08 3.33 0.00 4.00 3.67 3.17 3.00 3.17 4.00 3.25 3.83
84 N2 09 1.58 3.17 2.92 2.75 1.88 2.00 1.67 3.08 3.33 2.42
84 N2 10 2.75 3.33 2.83 3.25 1.58 2.58 3.00 3.08 2.33 2.33
84 N2 11 0.25 3.08 1.00 2.00 2.25 0.13 3.17 3.58 0.00 0.00
84 N2 12 2.42 2.83 2.58 2.75 3.42 2.00 1.67 3.75 1.42 3.58
84 N2 13 1.83 2.75 3.17 1.67 3.33 2.50 2.00 2.33 2.08 2.92
84 N2 14 0.00 3.00 2.75 2.33 3.08 0.00 1.75 3.83 0.38 0.13
84 N2 15 1.83 0.50 4.00 2.75 2.83 2.83 3.67 3.08 1.50 3.42
84 N2 16 2.08 0.00 3.50 2.83 2.50 1.50 1.50 3.42 3.33 3.17
84 N2 17 2.17 2.75 3.17 0.92 1.08 3.33 1.83 3.67 2.67 3.83
84 N2 18 0.96 2.00 0.92 2.92 0.75 0.88 1.38 2.08 0.13 1.04
84 N2 19 1.00 1.33 1.67 1.75 0.83 2.00 1.08 2.33 0.33 2.08
84 N2 20 2.67 3.83 2.17 2.42 2.92 0.79 2.50 3.67 2.58 2.67
84 N2 21 3.33 0.00 4.00 2.33 3.08 2.08 2.00 3.75 2.33 3.83
84 N2 22 2.17 3.08 2.42 2.25 2.92 1.13 1.58 1.29 0.25- 0.92
84 N2 23 3.08 2.67 3.83 2.67 3.17 3.42 1.17 4.00 1.50 3.17
84 N2 24 3.50 3.42 4.00 2.00 4.00 2.08 3.00 3.50 1.75 3.42
84 N2 25 2.58 0.00 3.00 3.67 3.42 2.42 2.33 2.58 2.50 3.08
84 N2 26 2.58 2.92 3.83 1.42 1.83 3.08 1.67 3.42 3.08 2.50
84 N2 27 3.33 0.00 3.67 2.33 3.25 2.92 2.67 2.50 2.33 3.50
84 N2 28 3.33 0.00 3.83 4.00 4.00 2.50 2.50 3.83 4.00 3.83
84 N2 29 1.00 2.50 2.83 1.92 2.67 2.'92 2.75 3.33 2.75 2.83
84 N2 30 3.50 0.00 2.67 3.33 2.25 1.92 3.08 3.17 2.58 3.17
84 N2 31 3.00 0.00 4.00 3.08 2.33 2.17 3.42 3.75 2.33 3.33
84 N2 32 2.83 3.33 4.00 2.08 3.58 2.25 2.75 3.25 2.83 2.67
84 N2 33 2.75 3.58 3.33 2.00 1.92 2.50 1.92 3.25 2.50 3.83
84 N2 34 1.33 2.67 3.08 1.75 3.42 1.83 1.58 2.75 1.50 2.00
84 N2 35 2.83 3.25 2.67 0.92 1.75 2.67 1.00 2.83 2.50 3.83
84 N2 36 2.50 3.08 3.00 2.33 2.67 3.42 2.42 2.92 2.33 3.00
84 N2 37 2.83 1.08 4.00 3.25 2.67 3.50 2.67 3.00 2.08 3.67
84 N2 38 2.50 0.00 4.00 2.50 3.83 2.00 3.25 4.00 2.08 4.00
84 N2 39 3.58 4.00 4.00 2.92 3.67 2.75 1.17 2.50 2.92 2.83
84 N2 40 2.67 0.50 2.58 3.25 3.08 2.08 3.25 3.17 2.08 2.25
84 N2 41 3.67 0.00 3.83 2.83 3.75 3.50 2.08 2.75 3.75 3.50
84 N2 42 3.33 2.17 3.33 1.33 2.17 2.08 1.67 3.33 2.42 3.58
84 N2 43 2.92 1.58 3.67 3.17 3.00 2.75 3.75 3.83 3.50 2.58
84 N2 44 2.42 0.00 3.83 3.42 3.58 2.92 2.25 4.00 2.83 3.42
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APPENDIX Table 7.5 continued (NVRS plants)
Plant No. 
Area N2 
1983
G8
Glasgow Isolates 
G9 G10 Gil G12 Nl
NVRS
N4
Isolates 
N5 N7 Nil
83 N2 01 3.83 2.58 2.33 3.17 3.08 4.00 2.17 3.58 3.67 2.83
83 N2 02 2.33 2.50 1.50 1.17 2.00 3.33 1.50 2.33 2.33 3.33
83 N2 03 0.75 2.58 0.67 2.17 2.58 0.13 0.96 3.08 0.00 0.00
83 N2 04 3.33 0.00 2.25 2.83 3.17 3.67 3.83 3.67 3.08 3.83
83 N2 05 3.83 0.00 2.17 3.08 3.00 3.75 2.25 3.58 2.92 3.33
83 N2 06 0.25 1.92 0.00 2.33 2.83 0.00 2.00 2.17 0.13 0.13
83 N2 07 2.00 1.67 2.08 2.92 2.50 3.33 0.92 3.25 3.00 2.50
83 N2 08 2.92 0.00 2.08 1.67 2.58 2.92 1.67 3.83 2.67 2.33
83 N2 09 2.67 0.00 1.33 2.33 2.25 3.88 3.83 4.00 3.83 2.75
83 N2 10 2.75 2.50 0.92 2.08 2.75 2.75 1.67 3.83 1.08 3.25
83 N2 11 3.08 2.92 1.17 2.67 1.83 2.42 1.92 3.50 2.50 3.67
83 N2 12 4.00 0.00 2.00 3.25 3.00 4.00 2.58 3.83 3.67 3.58
83 N2 13 3.25 0.00 1.25 2.25 2.83 2.50 3.00 4.00 2.83 4.00
83 N2 14 2.92 1.75 2.83 1.42 1.83 2.33 1.25 1.42 1.75 1.58
83 N2 15 2.50 0.00 2.50 2.33 1.25 4.00 2.08 3.83 2.67 3.83
83 N2 16 3.50 0.50 1.83 2.42 2.67 3.17 1.67 3.17 2.92 3.75
83 N2 17 2.08 1.75 2.42 1.58 2.33 3.67 1.17 3.25 2.83 2.42
83 N2 18 2.75 0.00 1.67 2.33 2.42 2.50 2.25 3.33 3.33 3.83
83 N2 19 2.08 1.58 1.92 0.75 0.50 2.67 1.50 3.17 2.00 1.33
83 N2 20 1.83 0.00 2.75 2.50 2.50 2.42 1.17 4.00 3.08 1.33
83 N2 21 1.67 2.67 0.67 1.00 1.17 3.83 2.08 3.25 2.33 2.67
83 N2 22 2.50 1.17 1.00 1.42 2.00 3.08 2.67 3.00 3.08 3.67
83 N2 23 2.08 0.25 1.75 2.00 2.00 3.33 3.17 4.00 4.00 2.08
83 N2 24 1.75 1.58 1.42 1.33 1.83 1.25 0.33 0.75 1.58 0.92
83 N2 25 2.50 0.00 2.58 3.25 2.25 3.58 3.50 4.00 3.83 3.33
83 N2 26 2.33 1.17 2.25 2.50 3.00 3.50 3.08 4.00 4.00 3.25
83 N2 27 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
83 N2 28 3.83 0.38 3.25 2.50 2.75 3.33 3.50 3.50 2.92 3.08
83 N2 29 2.42 0.00 3.00 3.25 2.83 3.67 3.25 4.00 2.92 2.17
83 N2 30 3.08 0.00 2.17 2.50 2.42 3.67 3.33 2.42 3.67 3.50
83 N2 31 2.50 2.25 0.92 1.83 1.92 3.25 1.92 3.67 3.42 3.00
83 N2 32 2.75 0.00 1.83 2.92 2.58 3.42 3.25 2.92 2.00 3.58
83 N2 33 2.67 2.25 2.33 3.08 3.00 3.08 0.25 3.00 2.67 3.17
83 N2 34 1.92 0.13 1.83 2.67 2.17 3.33 3.25 3.58 2.83 3.58
83 N2 35 3.50 2.25 1.83 3.25 2.00 2.92 1.46 3.17 2.92 2.00
83 N2 36 2.92 1.75 0.92 3.25 1.33 2.08 1.25 3.67 2.58 2.08
83 N2 37 2.58 2.42 0.75 1.83 0.75 3.17 3.08 2.75 2.25 1.88
83 N2 38 2.33 0.38 2.58 2.17 2.58 2.58 2.17 3.08 3.17 2.92
83 N2 39 0.00 0.00 0.00 0.00 0.00 3.25 3.33 3.83 2.00 3.42
83 N2 40 2.83 2.42 0.75 2.67 1.42 3.17 2.25 3.17 3.33 3.42
83 N2 41 2.83 2.58 1.25 2.92 1.50 2.83 1.58 2.83 2.25 1.79
83 N2 42 2.08 0.00 1.83 2.00 2.33 1.79 1.33 3.08 2.67 2.50
83 N2 43 2.75 0.00 2.75 2.67 0.92 2.50 1.33 3.58 3.25 2.50
83 N2 44 2.75 1.83 1.83 2.58 1.83 3.67 1.63 2.25 2.67 1.92
83 N2 45 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
83 N2 46 2.83 0.00 2.25 2.75 2.67 2.83 2.83 3.58 2.67 2.46
83 N2 47 2.67 0.00 2.08 3.25 2.83 3.58 2.58 3.33 3.83 2.75
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APPENDIX Table 7.5 continued (NVRS plants, NVRS isolates not tested)
Plant No Isolates
Area N3 G8 G9 G10 Gil G12
1983
83 N3 01 2.92 2.25 2.67 2.92 1.50
83 N3 02 2.83 1.83 0.50 2.92 2.50
83 N3 03 3.42 2.25 2.17 2.50 2.50
83 N3 04 3.17 2.92 2.92 2.75 1.17
83 N3 05 3.83 2.67 1.67 3.58 3.58
83 N3 06 1.42 0.50 2.00 0.67 2.08
83 N3 07 0.00 2.75 0.00 1.08 2.08
83 N3 08 2.08 2.58 2.67 2.58 2.83
83 N3 09 3.33 2.67 3.50 2.42 3.33
83 N3 10 1.83 0.67 2.58 0.92 1.33.
83 N3 11 0.00 0.00 0.00 0.00 0.00
83 N3 12 3.08 2.75 2.58 2.83 1.75
83 N3 13 3.67 1.50 1.75 3.08 2.25
83 N3 14 3.42 2.67 3.75 3.42 2.75
83 N3 15 1.08 3.67 2.17 2.00 2.58
83 N3 16 3.25 2.75 1.67 2.17 2.00
83 N3 17 2.75 2.00 3.00 3.33 2.67
83 N3 18 3.33 1.83 3.83 3.42 2.25
83 N3 19 3.83 1.92 2.42 4.00 2.75
83 N3 20 0.75 0.25 1.25 0.75 1.75
83 N3 21 0.00 0.00 0.00 0.00 0.00
83 N3 22 3.83 3.50 3.17 2.67 2.92
83 N3 23 2.25 1.92 2.67 0.92 2.58
83 N3 24 3.50 2.33 2.42 2.00 2.42
83 N3 25 2.92 2.83 2.58 2.58 3.00
83 N3 26 1.33 1.08 1.50 0.50 0.67
83 N3 27 4.00 4.00 3.83 3.75 3.25
83 N3 28 0.25 0.00 0.75 2.83 3.83
83 N3 29 3.17 2.92 3.08 3.50 3.33
83 N3 30 2.00 1.42 1.25 2.17 2.08
83 N3 31 3.17 1.08 1.25 2.17 2.58
83 N3 32 3.42 2.58 2.17 2.67 2.50
83 N3 33 3.00 1.67 2.25 2.67 2.67
83 N3 34 3.25 1.92 2.25 1.92 1.75
83 N3 35 0.50 2.42 2.58 1.67 2.17
83 N3 36 3.00 3.25 1.67 1.75 2.67
83 N3 37 3.17 2.75 2.92 2.75 2.17
83 N3 38 2.83 2.42 1.67 3.08 3.25
83 N3 39 1.33 2.33 2.92 3.17 3.25
83 N3 40 2.58 1.75 2.75 1.58 1.17
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APPENDIX Table 7.5 continued (NVRS plants, NVRS isolates not tested)
Plant No Isolates
Area Nl G8 G9 G10 Gil G12
1983
Nl 01 3.33 0.00 3.75 0.67 1.83
Nl 02 2.58 2.25 2.83 3.58 3.75
Nl 03 1.58 1.96 1.58 1.67 1.83
Nl 04 2.92 0.00 2.58 2.50 3.00
Nl 05 2.75 2.54 0.92 1.25 1.33
Nl 06 4.00 0.00 3.83 4.00 4.00
Nl 07 3.83 0.00 3.25 2.67 3.08
Nl 08 2.83 0.00 2.33 2.75 2.83
Nl 09 2.58 0.00 2.25 3.17 3.25
Nl 10 3.25 0.00 2.67 3.33 2.67
Nl 11 3.33 0.00 3.33 3.83 2.92
Nl 12 3.50 2.33 2.75 2.92 4.00
Nl 13 3.33 2.33 2.25 3.17 2.58
Nl 14 3.33 0.00 3.67 2.25 2.25
Nl 15 0.00 0.21 0.00 1.00 1.00
Nl 16 3.50 0.00 3.58 1.92 2.17
Nl 17 3.17 0.25 3.33 2.83 2.75
Nl 18 3.83 0.13 3.33 2.67 2.75
Nl 19 2.08 1.08 3.33 2.92 2.58
Nl 20 3.50 2.83 2.42 3.83 3.67
Nl 21 3.33 0.00 3.75 1.92 3.08
Nl 22 2.67 2.75 3.67 3.17 2.08
Nl 23 1.42 0.28 1.25 0.92 0.75
Nl 24 0.50 2.33 0.75 1.58 1.00
Nl 25 2.92 0.33 3.17 2.75 2.83
Nl 26 2.83 0.83 3.33 2.17 1.50
Nl 27 3.50 0.00 3.42 2.83 3.83
Nl 28 3.00 0.00 3.83 3.83 3.25
Nl 29 2.92 0.00 3.42 3.00 4.00
Nl 30 3.50 0.58 3.50 2.75 1.83
Nl 31 3.33 1.75 2.92 1.42 2.67
Nl 32 1.83 0.00 2.33 3.17 2.92
Nl 33 2.75 0.00 2.67 2.17 3.17
Nl 34 3.50 0.50 3.75 2.67 3.67
Nl 35 0.75 0.00 3.17 1.58 3.33
Nl 36 0.75 0.46 1.92 0.83 0.83
Nl 37 3.67 1.75 3.83 3.08 2.33
Nl 38 2.25 0.25 2.58 1.67 2.67
Nl 39 2.58 2.25 3.83 2.50 2.67
Nl 40 1.92 0.63 2.92 2.83 2.33
Nl 41 2.92 0.00 3.17 1.83 2.08
Nl 42 3.42 0.00 1.50 3.17 1.75
Nl 43 3.17 0.00 3.17 2.08 2.25
Nl 44 3.08 2.33 2.67 0.50 1.33
Nl 45 2.42 1.00 2.25 1.75 2.67
Nl 46 2.25 0.00 2.33 1.13 1.08
Nl 47 1.50 0.00 2.58 3.00 3.33
Nl 48 0.00 0.00 0.83 0.00 0.00
Nl 49 2.58 0.25 2.67 1.25 2.50
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APPENDIX Table 7.5 continued (NVRS plants, NVRS isolates not tested)
Plant No Isolates
Area Nl G8 G9 G10 Gil G12
1983
Nl 50 3.00 2.50 3.08 2.83 3.33
Nl 51 3.00 0.50 2.83 3.00 3.50
Nl 52 2.67 0.00 2.83 2.50 2.38
Nl 53 2.58 0.33 2.75 0.92 3.08
Nl 54 2.67 0.33 1.83 1.00 2.25
Nl 55 4.00 3.00 3.50 4.00 1.92
Nl 56 1.83 0.00 2.75 0.50 2.17
Nl 57 3.08 0.00 3.38 1.75 1.33
Nl 58 1.83 0.33 2.33 1.25 0.25
Nl 59 1.75 0.00 2.50 2.17 2.67
Nl 60 2.67 0.00 3.17 2.67 0.83
Nl 61 3.42 0.00 2.50 3.08 3.08
Nl 62 0.67 1.08 0.92 1.25 0.00
Nl 63 0.83 1.67 1.92 1.25 1.75
Nl 64 1.33 2.83 1.17 1.17 2.25
Nl 65 2.00 2.08 3.00 1.08 2.08
Nl 66 0.00 1.58 0.00 0.67 1.33
Nl 67 1.25 0.75 0.75 0.42 2.33
Nl 68 2.42 1.33 0.83 1.17 1.25
Nl 69 1.50 3.50 1.67 3.33 1.83
Nl 70 3.08 0.00 3.50 1.67 2.75
Nl 71 2.83 0.00 3.33 3..17 2.50
Nl 72 2.75 0.00 2.92 2.83 3.08
Nl 73 3.67 3.58 4.00 2.08 4.00
Nl 74 3.00 0.00 3.00 1.83 2.33
Nl 75 2.33 0.00 2.58 1.00 1.75
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APPENDIX Table 8.1 Maximum, Minimum temperatures and rainfall
Date
1983
Maximum
Temperature
°C
Minimum
Temperature
°C
Rainfall
mm
10.5 10.1 03.3 02.7
11.5 11.4 06.4 02.6
12.5 13.5 06.8 03.4
13.5 11.2 07.1 11.9
14.5 13.2 07.5 00.8
15.5 14.5 07.8 TRACE
16.5 15.0 08.0 02.8
17.5 11.2 07.3 00.1
18.5 13.2 07.7 00.1
19.5 14.3 06.3 TRACE
20.5 15.8 06.0 07.3
21.5 13.8 07.1 01.8
22.5 12.7 04.8 00.5
23.5 16.2 -0.1 00.0
24.5 14.7 04.3 01.3
MEAN 13.4 06.0 02.4
Se 00.46 00.55 00.85
25.5 16.0 08.2 00.0
26.5 17.9 05.7 00.0
27.5 10.5 00.6 01.3
28.5 09.8 07.2 TRACE
29.5 11.0 07.7 TRACE
30.5 14.8 06.7 02.4
31.5 14.7 08.1 00.2
01.6 10.9 09.3 17.2
02.6 10.0 08.1 01.2
03.6 11.3 07.0 12.4
04.6 18.4 07.5 TRACE
05.6 14.3 08.7 00.0
06.6 17.0 02.5 00.0
07.6 19.1 06.6 00.2
MEAN 14.0 06.7 02.5
Se 00.90 06.64 01.4
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APPENDIX Table 8.1 continued
Date
1983
Maximum
Temperature
°C
Minimum
Temperature
°C
Rainfall
mm
08.6 19.2 12.0 02.5
09.6 14.8 11.0 TRACE
10.6 15.4 08.0 03.5
11.6 16.2 11.3 TRACE
12.6 15.7 08.4 00.4
13.6 14.9 06.1 08.1
14.6 13.8 08.5 01.0
15.6 15.8 06.3 02.5
16.6 13.9 06.1 01.1
17.6 17.3 09.4 00.0
18.6 21.0 08.9 00.0
19.6 24.7 07.4 00.0
20.6 22.2 12.5 TRACE
21.6 18.3 10.1 00.0
MEAN 17.4 09.0 01.4
Se 00.89 00.58 00.60
22.6 20.70 08.7 TRACE
23.6 13.60 11.8 00.0
24.6 18.70 09.7 00.0
25.6 19.8 07.1 TRACE
26.6 17.4 11.4 TRACE
27.6 17.5 09.2 00.1
28.6 14.6 08.9 02.8
29.6 16.3 09.4 00.0
30.6 19.7 09.7 TRACE
01.7 15.1 06.9 09.9
02.7 14.9 10.4 01.0
03.7 14.7 10.7 TRACE
04.7 16.5 10.8 00.9
05.7 22.7 13.9 TRACE
MEAN 17.3 09.9 01.1
Se 00.72 00.49 00.71
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APPENDIX Table 8«J continued
Date
1983
Maximum
Tempgrature
Minimum
Tempgrature
Rainfall
mm
06.7 26.1 10.0 TRACE
07.7 23.4 14.5 TRACE
08.7 26.9 12.4 00.0
09.7 27.2 13.6 00.0
10.7 21.5 12.9 00.0
11.7 27.9 13.7 00.0
12.7 30.1 14.1 00.0
13.7 26.7 13.7 00.0
14.7 21.9 13.4 TRACE
15.7 18.8 14.3 00.2
16.7 19.8 05.5 00.0
17.7 21.9 10.8 TRACE
18.7 18.5 12.0 TRACE
19.7 18.9 09.2 00.0
20.7 18.9 11.0 00.0
21.7 24.6 09.6 00.0
22.7 27.8 07.9 TRACE
23.7 24.7 14.4 01.2
24.7 22.4 14.4 02.8
25.7 21.6 15.0 03.8
26.7 20.2 15.0 TRACE
27.7 23.1 12.1 00.2
28.7 20.7 12.3 TRACE
29.7 20.8 14.2 TRACE
30.7 19.4 09.8 01.2
31.7 17.9 13.5 00.0
01.8 17.9 06.4 00.1
02.8 18.7 04.5 TRACE
03.8 17.7 08.1 03.7
04.8 18.9 11.7 00.0
MEAN 22.2 11.7 00.5
Se 00.66 00.53 00.19
For calculation of mean 
Trace « 0.1
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